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COffTRAINDICATIONS  Use  in  patients  wrth  cardiac  arrtiythmias  associated  with  tachycardia  is 
contraindicated 

Atthouqh  rare,  immediate  hypersensitivity  reactions  can  occur  Therefore,  Alupent'  (metaproterenol 
suffatellSP)  IS  contraindicated  in  patients  with  a  history  of  hypersensitivity  to  any  of  its  components. 
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PRECAUTIONS  General  Extreme  care  must  be  exercised  with  respect  to  the  administration  of 
additional  sympathomimetic  agents 
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nursing  woman 
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Hypoxic  Pulmonary  Vasoconstric- 
tion and  Gas  Exchange  during 
Exercise  in  Chronic  Obstructive 
Pulmonary   Disease — AGN   Agusti, 

JA  Barber^,  J  Roca,  PD  Wagner,  R 
Guitart,  R  Rodriguez-Roisin.  Chest 
1990;97:268. 

In  patients  with  chronic  obstructive 
pulmonary  disease  (COPD)  studied  at 
rest,  nifedipine  releases  hypoxic  pulmo- 
nary vasoconstriction  (HPV)  and 
worsens  gas  exchange.  During  exercise, 
this  drug  lowers  pulmonary  hyperten- 
sion, but  the  effects  of  this  lower 
pulmonary  vascular  tone  on  venti- 
lation-perfusion  (Va/Q)  relationships 
are  still  poorly  understood.  To  analyze 
them,  we  determined  the  V^/Q 
distributions  in  eight  patients  with 
stable  COPD  (FEV,,  36%  of  predicted) 
at  rest  and  during  exercise  (60% 
Vojmax  before  and  after  nifedipine  (20 
mg  sublingually).  Nifedipine  shifted  to 
the  right  the  pulmonary  pressure-flow 
relationship  (p  <  0.01)  and  increased 
the  dispersion  of  the  blood  flow 
distribution  at  rest  and  during  exercise 
(p  <  0.005).  These  observations 
strongly  suggest  that  nifedipine  released 
HPV  under  both  conditions.  However, 
even  after  releasing  HPV  by  nifidipine, 
exercise  distributed  blood  flow  more 
homogeneously  than  at  rest  (p  <  0.05). 
Besides,  exercise  greatly  decreased  the 
overall  degree  of  V^/Q  mismatching 
(p  <  0.001)  not  only  before  but  also 
after  nifedipine.  Thus,  we  postulate  that 
most  of  the  V^/Q  improvement  that 
exercise  may  induce  in  patients  with 
COPD,  as  it  is  shown  here,  is  due  to 
improvement  in  the  ventilation  distri- 
bution. Interestingly,  this  Va/Q 
improvement  was  not  paralleled  by  a 
significant  decrease  of  P(A-a)Oi-  This 
apparent  paradox  could  be  explained 
by  20%  of  the  actual  P(A-a)Oi  during 
exercise  due  to  diffusion  limitation,  as 
assessed  through  the  inert  gas 
approach.  Taken  all  together,  these 
results  help  to  better  understand  the 


mechanisms  that  govern  pulmonary 
gas  exchange  during  exercise  in  COPD. 


Recovery  of  Gas  Exchange  Varia- 
bles and  Heart  Rate  after  Maximal 
Exercise  in  COPD— TW  Chick,  TG 
Cagle,  FA  Vegas,  JK  Poliner,  GH 
Murata.  Chest  I990;97:276. 

Studies  of  the  limited  exercise  capacity 
in  patients  with  COPD  have  not 
assessed  the  recovery  phase,  although 
the  phenomenon  of  increased  oxygen 
uptake  after  exercise  has  been 
thoroughly  investigated  in  normal 
subjects.  Therefore,  we  compared  the 
recovery  of  gas  exchange  variables  and 
HR  after  maximal  cycle  ergometry  in 
16  patients  with  varying  severities  of 
airflow  obstruction  and  10  aged 
control  subjects.  Aerobic  capacity  was 
reduced  in  the  patients  with  COPD, 
and  the  rates  of  recovery  of  Vg,  Vq,, 
Vco-.  excess  Vcqi,  and  HR  were  all 
significantly  slower  in  the  patients  with 
COPD  than  in  the  controls.  When 
expressed  as  the  half-time  for  recovery, 
patients  with  COPD  had  values  which 
were  approximately  twice  that  of 
control  subjects  for  gas  exchange  and 
HR.  The  extent  of  recovery  was  similar 
in  patients  and  controls.  We  conclude 
that  in  patients  with  COPD,  post- 
exercise  relative  hyperpnea  and  hyper- 
metabolism are  significantly  pro- 
longed. In  addition,  impaired  elimi- 
nation of  increased  body  stores  of 
carbon  dioxide  may  contribute  to 
impaired  adjustment  to  acid-base 
disorders  in  these  patients. 


Pulmonary  Capillary  Blood  Volume 
in  Emphysema — NJ  Morrison,  RT 
Abboud,  NL  Muller,  et  al.  Am  Rev 
RepsirDis  1990;  14 1:53. 

We  determined  single  breath  diffusing 
capacity  (Dlco)  and  pulmonary 
capillary  blood  volume  (Vj.)  in  a  total 


of  110  patients,  who  were  being 
evaluated  by  resectional  lung  surgery 
for  a  localized  tumor  or  lesion. 
Pathologic  assessment  of  emphysema 
was  obtained  in  55  cases  who  had 
resection  of  a  lung  or  an  upper  lobe, 
based  on  a  standard  reference  panel 
for  emphysema  grading.  In  86  cases, 
the  extent  of  emphysema  was  quan- 
titated  by  computed  tomography  (CT) 
of  the  chest.  There  was  a  significant 
negative  correlation  between  Vj.  and 
emphysema  assessed  by  either 
pathology  or  CT  (r  =  about  -0.5,  p 

<  0.001)  similar  to  the  correlation 
between  Dlco  and  the  extent  of 
emphysema.  Results  of  V(.  were 
significantly  lower  in  cases  with 
moderate  emphysema  (pathologic 
grade  ^  30)  than  those  with  no 
emphysema  (grade  ^  5)(p  <  0.00 1) 
or  mild  emphysema  (grade  10  to  25)(p 

<  0.05),  and  they  were  significantly 
lower  (p  <  0.05)  in  the  group  with 
mild  emphysema  compared  with  the 
group  with  no  emphysema  on  patho- 
logic assessment  similar  to  Dlco 
results.  Although  V(-  was  reduced  in 
emphysema,  determination  of  V^  did 
not  result  in  improved  discrimination 
in  separating  cases  with  emphysema 
from  those  without  emphysema  when 
compared  with  Dlco- 


Work  of  Breathing:  Reliable  Pre- 
dictor of  Weaning  and  Extubation — 

SA  Shikora,  BR  Bistrian,  BC  Borlase, 
GL  Blackburn,  MD  Stone,  PN  Benotti. 
Crit  Care  Med  1990;  1 8: 1 57. 

During  the  course  of  a  critical  illness, 
many  patients  become  ventilator 
dependent.  The  standard  assessment 
criteria  are  not  always  accurate  in 
predicting  potential  for  extubation. 
This  investigation  was  designed  to 
analyze  whether  the  work  of  breathing 
(WOB)  was  a  more  reliable  predictor 
of  ventilator  dependence.  Twenty 
consecutive   ventilator-dependent 
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patients  were  prospectively  studied. 
Nineteen  required  ventilator  support 
for  >  2  wk  and  all  were  considered 
ventilator  dependent  because  of  their 
inability  to  tolerate  weaning  trials.  The 
oxygen  consumption  (Vq,)  and  resting 
energy  expenditure  were  measured 
using  a  metabolic  gas  monitor.  Respi- 
ratory mechanics  and  arterial  blood  gas 
measurements  were  obtained,  and  the 
deadspace  to  tidal  volume  ratio  (Vp/ 
Vj)  was  calculated.  The  WOB  was 
determined  by  the  difference  in  Vq, 
between  spontaneous  and  mechanical 
ventilation,  and  expressed  as  a  percen- 
tage of  Vq,  during  mechanical  venti- 
lation. Five  of  eight  patients  with  a 
WOB  <  15%  (mean  1.9)  were  extu- 
bated  within  2  wk  of  study,  while  none 
of  12  patients  with  a  WOB  ^  15% 
(mean  34)  were  able  to  be  extubated 
in  this  period.  The  differences  in  the 
WOB  between  the  two  groups  were 
statistically  significant  (p  <  0.01), 
while  there  was  no  significant  differ- 
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ence  in  mechanics,  PaCd,  Vq/Vj  or 
measured  resting  energy  expenditure. 
These  data  support  the  use  of  WOB 
determinations  in  evaluating  extuba- 
tion  potential.  Using  a  reference  value 
for  the  WOB  of  1 5%,  this  study  had 
a  sensitivity  of  100%  and  a  specificity 
of  80%.  This  proved  to  be  of  greater 
predictive  value  than  traditional 
criteria. 


Tolerance  to  /3:-Agonists  in  Patients 
with  Chronic  Obstructive  Pulmo- 
nary Disease— D  Georgopoulos,  D 
Wong,  NR  Anthonisen.  Chest  1990; 
97:280. 

Eleven  patients  with  severe  chronic 
obstructive     pulmonary     disease 
(COPD)  were  examined  to  determine 
whether   tolerance   to   /82-agonists 
developed  after  long-term  inhalation 
therapy  with  these  agents.  Before  the 
study,  all  patients  were  on   regular 
treatment  with  inhaled  salbutamol  for 
six  months.  At  the  beginning  of  the 
study,  response  of  FEVi  to  inhaled 
salbutamol   was   measured.   Dose- 
response  curves  were  measured  after 
three  weeks  of  treatment  with  iprat- 
ropium bromide  and  again  after  a  3- 
week  course  of  inhaled  salbutamol. 
After  ipratropium  bromide  treatment, 
responses  to  low  doses  of  salbutamol 
tended  to  be  larger  than  after  salbu- 
tamol treatment,  but  differences  were 
not  significant.  Three  hours  after  the 
last  inhalation  of  salbutamol  the  FEVi 
was  lower  on  days  1  and  42  than  on 
day  21.  We  conclude  that  long-term 
inhalation  therapy  with  /?2-agonists  in 
patients   with   COPD   decreases   the 
duration    of  the   bronchodilation 
produced  by  the  same  agents  but  does 
not  affect  the  peak  response. 

Bronchial  Response  to  Methacholine 
in  "Healthy"  Children  of  Asthmatic 
Parents— 1  Bruderman,  R  Cohen,  J 
Schachter.  Chest  1990;97:285. 

Cumulative  dose  response  curves  to 
inhaled  methacholine  were  established 


in  24  "healthy"  children  of  asthmatic 
parents  and  7  healthy  children  of 
healthy  parents.  Atopic  children  of 
asthmatic  parents  demonstrated  higher 
bronchial  hyperreactivity  (BHR)  than 
nonatopic  children.  The  BHR  was 
about  ten  times  less  than  in  the  atopic 
parents  of  asthmatic  children,  indi- 
cating marked  increase  in  BHR  with 
age  in  atopic  members  of  asthmatic 
families.  Six  weeks  of  treatment  with 
cromolyn  sodium  (disodium  cromo- 
glycate)  decreased  BHR  significantly  (p 
<  0.05)  in  eight  topic  children,  while 
no  change  occurred  in  BHR  in  five 
nonatopic  children. 


Pulmonary  Mechanics  and  Ener- 
getics of  Normal,  Nonventilated 
Low-Birthweight  Infants — S  Abbasi, 
VK  Bhutani.  Pediatr  Pulmonol 
1990;8:89. 

Pulmonary  mechanics  and  energetics 
were  determined  in  33  healthy  low 
birthweight  infants  «  1 ,500  g,  28-34 
wk  gestation)  who  had  never  received 
ventilatory  support.  Tidal  volume, 
dynamic  pulmonary  compliance, 
pulmonary  resistance,  pressure-volume 
relationships,  and  tidal  flow-volume 
measurements  were  obtained  by  pneu- 
motachography  and  the  esophageal 
balloon  technique.  Standardized  data 
collection  and  software  data  analysis 
by  least  mean  squares  technique 
yielded  data  at  0.5,  1,  2,  and  4  weeks 
postnatally,  as  a  function  of  gestational 
age  «  30,  30-32.  and  >  32  wk 
gestation).  Relatively  stable  values 
were  obtained  for  tidal  volume  and 
minute  ventilation  (normalized  for 
body  weight);  these  were  associated 
with  values  of  peak-to- peak  esophageal 
pressure  significantly  (p  <  0.001) 
increasing  from  4.4  ±  0.3  SEM  cm 
H:0  at  0.5  weeks  to  8.1  +  0.8  SEM 
cmH^O  at  4  weeks  of  age.  Dynamic 
pulmonary  compliance  ranged  from 
2.0  to  2.4  mL/cm  H:0  in  the  first 
4  weeks  of  life.  When  normalized  for 
weight,   compliance   decreased   with 
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age,  which  may  suggest  a  slower 
pulmonary  maturation  as  compared  to 
increase  of  body  weight.  Mean  pulmo- 
nary resistance  decreased  from  62.9  cm 
H:0  •  s  •  L"'  at  <  30  weeks  gestation 
to  32.5  cm  H2O  •  s  •  L  '  at  >  32 
weeks  gestation,  0.5  weeks  postnatally. 
Pulmonary  resistance  peaked  at  2 
weeks  postnatally  (p  <  0.05),  at  all 
gestational  ages,  then  decreased. 
Changes  in  pulmonary  mechanics 
resulted  in  increasing  resistive  work  of 
breathing.  Our  findings  suggest  a 
postnatal  retardation  of  pulmonary  and 
airway  growth,  relative  to  gestation 
maturation.  These  data  can  provide  an 
objective  base  of  comparison  for  data 
in  sick,  low  birthweight  neonates. 


Passive  Smoking,  Air  Pollution,  and 
Acute  Respiratory  Symptoms  in  a 
Diary  Study  of  Student  Nurses — J 

Schwartz  and  S  Zeger.  Am  Rev  Respir 
Dis  1990;  141:62. 


A  cohort  of  approximately  100  student 
nurses  in  Los  Angeles  was  recruited 
for  a  diary  study  of  the  acute  effects 
of  air  pollution.  Smoking  histories  and 
presence  of  asthma  and  other  allergies 
were  determined  by  questionnaire. 
Diaries  were  completed  daily  and 
collected  weekly  for  as  long  as  3  yr. 
Air  pollution  was  measured  at  a 
monitoring  location  within  2.5  miles 
of  the  school.  Incidence  and  duration 
of  a  symptom  were  modeled  separ- 
ately. Pack-years  of  cigarettes  were 
predictive  of  the  number  of  episodes 
of  coughing  (p  <  0.001)  and  of 
bringing  up  phlegm  (p  <  0.001). 
Current  smoking,  rather  than  cumula- 
tive smoking,  was  a  better  predictor 
of  the  duration  of  a  phlegm  episode 
(p  <  0.001).  Controlling  for  personal 
smoking,  a  smoking  roommate 
increased  the  risk  of  an  episode  of 
phlegm  (odds  ratio  [OR]  =  1.41,  p  < 
0.001),  but  not  of  cough.  Excluding 
asthmatics  (who  may  be  medicated) 


increased  the  odds  ratio  for  passive 
smoking  to  1 .76  (p  <  0.001 ).  In  logistic 
regression  models  controlling  for 
temperature  and  serial  correlation 
between  days,  an  increase  of  1  SD  in 
carbon  monoxide  exposure  (6.5  ppm) 
was  associated  with  increased  risk  of 
headache  (OR  =  1.09,  p  <  0.001); 
photochemical  oxidants  (7.4  pphm) 
were  associated  with  increased  risk  of 
chest  discomfort  (OR  =  1.17,  p  < 
0.001)  and  eye  irritation  (OR  =  1.20 
p  <  0.001);  and  nitrogen  dioxide  (9.1 
pphm)  was  associated  with  increased 
risk  of  phlegm  (OR  =  1.08  p  <  0.01), 
sore  throats  (OR  =  1.26,  p  <  0.001), 
and  eye  irritation  (OR  =  1.16,  p  < 
0.001).  Sulfur  dioxide  was  not  signif- 
icantly associated  with  any  symptom. 
We  conclude  that  passive  smoking  and 
short-term  exposure  to  nitrogen 
dioxide  and  photochemical  oxidants 
increase  the  incidence  rates  of  respi- 
ratory illness. 
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Pulmonary  Function  in  Obstructive 
Sleep  Apnea:  Relationships  to 
Pharyngeal  Resistance  and  Cross- 
Sectional  Area— JL  Stauffer,  DP 
White,  CW  Zwillich.  Chest  1990; 
97:302. 

Reduction  in  the  size  of  the  pharynx 
and  increased  pharyngeal  airflow 
resistance  have  been  demonstrated  in 
patients  with  obstructive  sleep  apnea 
(OS A).  We  evaluated  15  men  with 
severe  OS  A  and  10  nonapneic  control 
subjects  matched  for  age  and  weight 
in  order  to  determine  if  pharyngeal 
cross-sectional  area,  inspiratory 
pharyngeal  airflow  resistance,  and 
abnormal  breathing  events  during  sleep 
were  associated  with  alterations  in  the 
flow-volume  relationship  and  other 
awake  PFTs.  Pharyngeal  cross- 
sectional  area  was  determined  by 
computerized  tomography,  and 
pharyngeal  resistance  between  choanae 


and  epiglottis  as  measured  during  quiet 
awake  breathing.  In  patients  with 
OSA,  there  was  an  inverse  relationship 
between  the  mean  cross-sectional  area 
of  the  oropharynx  and  the  ratio  of 
FEF5o<?/FIF5o%  (rs  =  -0.54;  p  =  0.03). 
In  all  subjects,  pharyngeal  resistance 
was  inversely  related  to  percentage  of 
predicted  values  for  FEF25.75%  (rs  = 
-0.56;  p  =  0.01).  The  frequency  of 
apneas  during  sleep  was  significantly 
(p  <  0.05)  related  to  the  percentage 
of  predicted  values  for  MVV,  TLC, 
FVC,  and  PIF.  Obesity  appears  to 
account  for  the  strength  of  these 
relationships.  Flow-volume  loops  and 
other  PFTs  did  not  distinguish  patients 
with  OSA  from  controls. 

Daytime  Hypercapnia  in  the 
Development  of  Nocturnal  Hypox- 
emia in  COPD— TD  Bradley,  J 
Mateika,  D  Li,  M  Avendano,  RS 
Goldstein.  Chest  1990;97:308. 


Arterial  oxyhemoglobin  saturation 
(SaoO  falls  to  a  variable  extent  during 
sleep  in  patients  with  COPD.  These 
nocturnal  falls  in  SaOi  may  contribute 
to  the  development  of  pulmonary 
hypertension,  nocturnal  cardiac 
arrhythmias,  and  death  during  sleep. 
In  order  to  determine  which  physio- 
logic factors  measured  during  wake- 
fulness might  contribute  to  the  develop- 
ment of  nocturnal  hypoxemia,  we 
performed  multiple  stepwise  linear 
regression  analyses  in  48  patients  with 
stable  COPD  with  mean  and  lowest 
nocturnal  SgO:  as  dependent  variables. 
It  was  concluded  that  the  two  chief 
variables,  measured  while  awake, 
which  are  associated  with  alterations 
in  nocturnal  oxygenation  in  patients 
with  COPD  are  baseline  awake  SaOj 
and  Pacoi-  Hypercapnia  appears  to  be 
a  risk  factor  for  the  development  of 
nocturnal  hypoxemia  in  patients  who 
are  normoxic  while  awake. 
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ABSTRACTS 


Factors  Affecting  Accidental  Extu- 
bations  in  Neonatal  and  Pediatric 
Intensive  Care  Patients — LA  Little, 
JC  Koenig,  CJL  Newth.  Crit  Care  Med 
1990;  18: 163. 

All  patients  intubated  in  the  neonatal 
(NICU)  and  pediatric  (PICU)  intensive 
care  units  over  a  3-yr  period  were 
evaluated  prospectively  to  determine 
the  incidence  of  accidental  extubation 
(AE)  and  contributing  factors.  Two 
thousand  two  hundred  patients  (age 
range  26  wk  gestation  to  18  yr)  were 
intubated  for  a  total  of  21,222  days. 
In  the  PICU  and  NICU,  a  total  of  153 
patients  experienced  195  AE.  The 
PICU  had  113  AE  in  1,388  subunit 
for  a  rate  of  1.15  AE/100  intubated 
days.  The  NICU  had  82  AE  in  812 
intubated  patients,  a  rate  of  0.72  AE/ 
100  intubated  days.  A  review  of  factors 
contributing  to  AE  showed  the  most 
critical  to  be;  sedation  not  administered 
in  the  2  h  before  AE  (65%),  the  lack 
of  two-point  or  more  restraints  (58%), 
and  the  performance  of  a  patient 
procedure  at  the  bedside  (49%).  One 
death  occurred  as  an  indirect  conse- 
quency  of  AE.  The  data  are  being 
reported  as  a  function  of  number  of 
days  intubated  in  an  attempt  to 
standardize  reporting  techniques.  The 
use  of  standardized  reporting  and  the 
identification  of  high-risk  factors  may 
be  useful  for  education  and  modifica- 
tion of  patient  care  practices. 

Quantitation  of  Emphysema  by 
Computed  Tomography  Using  a 
"Density  Mask"  Program  and 
Correlation  with  Pulmonary  Func- 
tion Tests — M  Kinsella,  NL  Muller, 
RT  Abboud,  NJ  Morrison,  A 
DyBuncio.  Chest  1990;97:315. 

We  used  a  computed  tomography 
(CT)  program  'density  mask'  outlining 
areas  with  attenuation  values  <  -910 
Hownsfield  units  (HU),  to  indicate 
areas  of  emphysema  on  a  chest  CT 
and  to  provide  an  overall  percentage 
of  lung  involvement  by  emphysema. 
The   'density   mask'   quantitation   of 


emphysema  was  previously  shown  to 
correlate  well  with  the  pathologic 
assessment  of  emphysema  in  patients 
.undergoing  lung  resection.  We 
compared  the  CT  quantitation  of 
emphysema  with  mean  lung  density, 
overall  lung  volume  on  CT,  and 
pulmonary  function  tests  in  85  patients. 
There  was  a  significant  correlation 
between  the  extent  of  emphysema  on 
CT  and  FEV,/FVC  %  predicted, 
functional  residual  capacity  % 
predicted,  and  single  breath  diffusion 
capacity  %  predicted.  Determination  of 
the  percentage  of  lung  with  areas  of 
low  attenuation  by  CT  provides  a 
useful  method  for  quantitating  emph- 
ysema in  life  and  correlates  signifi- 
cantly with  pulmonary  function  tests. 


Relationship  of  Lung  Function  to 
Severity  of  Osteoporosis  in 
Women — JA  Leech,  C  Dulberg,  S 
Kellie,  L  Pattee,  J  Gay.  Am  Rev  Respir 
Dis  1990;  141:68. 

To  determine  if  the  severity  of  osteo- 
porosis and  its  resultant  hyperkyphosis 
cause  measurable  impairment  of  lung 
function,  74  women  referred  for 
osteoporosis  evaluation  underwent 
pulmonary  function  testing.  Women 
with  thoracic  wedge  compression 
fractures  secondary  to  osteoporosis  had 
significantly  lower  percent  predicted 
FVC  than  did  those  without  fractures. 
In  heirarchical  regression  analysis,  after 
controlling  for  age  and  arm  span,  there 
was  a  significant  effect  on  FVC  of  the 
degree  of  hyperkyphosis  as  measured 
by  Cobbs'  angle  (increment  in  R"  = 
0.14,  p  <  0.001).  The  addition  of  the 
number  of  vertebral  fractures  to  the 
model  was  also  significant  (increment 
in  R-  =  0.06,  p  <  0.002),  but  cortical 
bone  volume,  bone  mineral  density, 
and  smoking  status  did  not  significantly 
improve  the  model.  From  one  half  of 
subjects  tested,  a  regression  equation 
was  generated  relating  %FVC  and  the 
number  of  thoracic  fractures:  %FVC 
=  103.4  -  9.4  X  number  of  fractures. 
When  used  to  predict  lung  function 


impairment  in  the  second  half  of  study 
subjects,  the  correlation  between 
measured  and  %FVC  was  r  =  0.59 
(p  <  0.002).  Kyphosis  and  thoracic 
compression  fractures  caused  by 
osteoporosis  produce  modest  but 
predictable  declines  in  vital  capacity 
in  women. 


Changes  in  Ventilatory  Muscle 
Function  with  Negative  Pressure 
Ventilation  in  Patients  with  Severe 
COPD  G  Scano,  F  Gigliotti,  R 
Duranti,  A  Spinelli,  M  Gorini,  M 
Schiavina.  Chest  1990;97:322. 

Patients  with  severe  COPD  may  be 
in  a  state  of  ventilatory  muscle  (VM) 
fatigue.  In  these  patients,  rapid  and 
shallow  breathing  has  been  hypothe- 
sized to  be  a  compensatory  mechanism 
that  prevents  more  severe  fatigue  from 
taking  place.  To  test  these  hypotheses, 
we  studied  the  effects  of  VM  resting 
in  a  group  of  patients  with  severe 
COPD.  Eleven  clinically  stable 
patients  with  COPD  and  chronic 
hypercapnia  were  studied.  Six  of  them 
(group  A)  had  a  seven-day  period  of 
negative  pressure-assisted  ventilation 
(NPV),  and  five  (group  B)  with  similar 
functional  characteristics  served  as  a 
control  group.  Compared  with  a 
normal  age-matched  control  group, 
both  A  and  B  groups  exhibited 
significantly  lower  tidal  volume  (Vx), 
inspiratory  time  (Tj),  total  time  of  the 
respiratory  cycle  (Tjot)  and  T|/Tto, 
ratio,  decrease  in  muscle  strength,  and 
greater  electromyographic  activity  of 
diaphragm  (EMGd)  and  parasternal 
muscles,  but  similar  ventilation  and 
Vj/Tj.  After  the  study  period,  group 
A  exhibited  significant  increase  in  Vj, 
Ti,  and  Ti/Tjot  (p  <  0.05),  and 
decrease  in  PacO:  (P  <  0.05),  EMGd, 
and  EMGint  (p  <  0.05  for  both),  and 
a  slight  but  significant  increase  in 
maximal  inspiratory  pressure  (MIP)  (p 
<  0.05).  These  data  suggest  that  NPV 
rests  VM,  increases  their  strength,  and 
reduces  hypercapnia  in  patients  with 
severe  COPD. 
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ABSTRACTS 


Use  of  Bronchoalveolar  Lavage  to 
Diagnose  Bacterial  Pneumonia  in 
Mechanically  Ventilated  Patients — 
LF  Guerra,  RP  Baughman.  Crit  Care 
Med  1990;  1 8: 169. 

We  studied  the  efficacy  and  safety  of 
bronchoscopy  with  bronchoalveolar 
lavage  (BAL)  in  mechanically  venti- 
lated patients.  Seventy-seven  patients, 
60  of  whom  underwent  BAL,  were 
analyzed.  Of  the  patients  undergoing 
BAL,  30  had  clinical  pneumonia,  24 
had  a  diagnosis  other  than  pneumonia 
by  clinical  criteria  or  autopsy,  and  6 
could  not  be  classified  but  clinically 
improved  without  changing  their 
antibiotic  therapy.  Of  the  30  pneu- 
monia patients,  18  had  bacterial 
cultures  felt  to  be  diagnostic  of  bacterial 
pneumonia:  two  cases  of  Legionella 
pneumophila,  and  16  cases  with  one 
or  more  organisms  recovered  at  >  10'' 
cfu/mL  of  BAL  fluid.  No  patient 
without  the  clinical  diagnosis  of  pneu- 
monia had  a  positive  bacterial  culture 
>  10^  cfu/mLofBAL  fluid  (chi  square 
=  18.2.  />  <  .001).  Of  the  patients 
classified  with  pneumonia,  Pneumo- 
cystis carina  was  found  in  six  and 
cytologic  evidence  of  viral  infection  in 
three  patients.  Of  the  30  patients  under- 
going BAL  with  pneumonia,  27  had 
one  or  more  pathogens  identified  in 
the  lavage  specimen.  Although  no 
patient  died  as  result  of  lavage, 
significant  hypoxemia  was  encoun- 
tered in  some  patients  undergoing 
lavage.  In  35  patients  with  the  same 
Flo,  before  and  after  bronchoscopy, 
the  median  change  in  Pq,  was  -8.0 
torr  (range  -63.0  to  +29.0).  We  found 
that  bacterial  cultures  of  BAL  fluid 
appeared  useful  in  defining  the  pres- 
ence and  etiology  of  pneumonia. 


The  Incidence  and  Significance  of 
Staphylococcus  aureus  in  Respira- 
tory Cultures  from  Patients  Infected 
with  the  Human  Immunodeficiency 
Virus— SJ  Levine,  DA  White,  AOS 
Fels.  Am  Rev  Respir  Dis  1990;141:89. 


This  study  assessed  the  incidence  and 
clinical  significance  of  recovery  of 
Staphylococcus  aureus  from  the  respi- 
ratory tract  of  patients  infected  with 
the  human  immunodeficiency  virus 
(HIV).  In  a  retrospective  review  of  129 
consecutive  episodes  of  respiratory 
disease  in  HIV-seropositive  patients 
where  respiratory  tract  cultures  were 
obtained.  S.aureus  was  recovered  in 
30  (23%)  of  the  episodes.  Twenty-nine 
of  these  were  evaluated  in  this  study, 
and  the  recovery  of  5.  aureus  was 
found  to  represent  pneumonia  in  8 
cases  (28%),  to  be  of  indeterminate 
significance  in  18  cases  (62%),  and  to 
represent  colonization  in  3  cases  (10%). 
Episodes  of  S.  aureus  pneumonia  were 
usually  community-acquired  (7  of  8 
episodes)  and  had  an  acute  or  subacute 
clinical  presentation.  Fever  and  phys- 
ical signs  of  pneumonia  were  present 
in  all  patients.  Chest  radiographic 
presentations  varied,  but  local  infil- 
trates were  seen  in  seven  of  eight 
episodes.  Concomitant  pulmonary 
disorders  were  common  (7  of  8 
episodes).  All  patients  were  appro- 
priately treated;  5  patients  recovered 
and  3  died,  giving  a  mortality  rate  of 
38%.  We  conclude  that  S.  aureus  is 
a  frequent  isolate  from  respiratory  tract 
cultures  of  HIV-seropositive  patients 
referred  for  evaluation  of  pulmonary 
diseases.  It  can  cause  a  pneumonia  with 
a  high  mortality  rate,  as  it  did  in  8% 
of  all  episodes  of  pulmonary  disease 
reviewed  in  this  study.  Clinicians 
should  be  aware  that  HIV-seropositive 
patients  may  develop  respiratory 
disease  secondary  to  5.  aureus  infection 
and  that  when  this  organism  is 
suspected,  appropriate  antibiotic 
therapy  should  be  instituted. 


The  Use  of  Home  Spirometry  in 
Detecting  Acute  Lung  Rejection  and 
Infection  Following  Heart-Lung 
Transplantation — BA  Otulana,  T 
Higenbottam,  L  Ferrari,  J  Scott,  G 
Igboaka,  J  Wall  work.  Chest  1990;97: 
353. 


The  value  of  home  spirometry  in 
detecting  acute  lung  rejection  and 
opportunistic  infections  was  studied  in 
1 5  heart-lung  transplant  recipients  over 
a  six-month  period.  The  patients 
measured  their  FEVi  and  FVC  twice 
daily  at  home  using  a  portable  turbine 
.spirometer.  The  records  were  then 
reviewed  in  relation  to  the  results  of 
transbronchial  lung  biopsy  carried  out 
during  occurrences  of  respiratory 
symptoms  and  during  routine  post- 
transplant  assessment.  FEVi  and  FVC 
fell  by  a  mean  (±  SD)  of  10.4  ±  6.9 
percent  and  9.3  ±  7.9  percent,  respec- 
tively, during  20  episodes  of  lung 
rejection.  The  corresponding  figures 
during  opportunistic  infections  were 
12.8  ±  10. 1  percent  and  12.5  ±  14.3 
percent.  No  such  change  was  observed 
during  routine  normal  biopsies. 
Regular  home  spirometry  offered  early 
detection  of  these  complications 
allowing  early  transbronchial  lung 
biopsy  as  well  as  assessing  efficacy  of 
their  therapy.  Above  all,  measurements 
can  be  made  daily,  which  is  unique 
in  the  assessment  of  solid  organ 
transplants. 

Early  Predictors  of  Mortality  for 
Hospitalized  Patients  Suffering 
Cardiopulmonary  Arrest — D  Roberts, 
K  Landolfo,  RB  Light,  K  Dobson. 
Chest  I990;97:4I3. 

Few  if  any  pre-arrest  or  intra-arrest 
variables  have  been  identified  as  highly 
predictive  of  inhospital  mortality 
following  cardiopulmonary  arrest.  A 
total  of  310  consecutive  patients 
requiring  advanced  cardiac  life  support 
during  the  calendar  years  1985  and 
1986  were  reviewed  with  respect  to 
eight  specific  variables.  These  included 
age,  diagnosis,  location,  mechanism  of 
the  event,  duration  of  resuscitation, 
whether  the  event  was  witnessed  or 
unwitnessed,  the  initial  observed 
rhythm,  and  medications  administered. 
A  total  of  37.1%  of  the  patients  were 
successfully  resuscitated,  but  only  9.7% 
survived   until   discharge.   Factors 
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strongly  associated  with  inhospital 
mortality  included  unwitnessed  events 
(p  =  0.0316),  the  need  for  epinephrine 
(p  =  0.0003),  identification  of  electro- 
mechanical dissociation  or  asystole  as 
initial  rhythms  (p  =  0.0000),  and 
cardiac  vs  respiratory  mechanism  of 
arrest  (p  =  0.0000). 

Continuous  Nebulization  of  Albu- 
terol (Salbutamol)  in  Acute 
Asthma — A  Colacone,  N  Wolkove,  E 
Stern,  M  Afilalo,  TM  Rosenthal,  H 
Kreisman.  Chest  1990;97:693. 

We  studied  the  safety  and  efficacy  of 
albuterol  (salbutamol)  delivered  by 
continuous  nebulization  (CN)  in  the 
initial  emergency  department  treat- 
ment of  asthma.  In  a  randomized 
fashion  21  patients  received  5  mg  of 
albuterol  by  bolus  nebulization  (BN) 
at  time  0  and  again  60  minutes  later. 
Twenty-one  others  received  albuterol 
(0.2  mg/ml)  by  CN  using  a  calibrated 
nebulizer  with  a  known  output  of  25 
ml/h.  Thus,  each  patient  had  received 
10  mg  of  albuterol  over  two  hours. 
FEVi,  blood  pressure  (BP),  heart  rate 
(HR),  respiratory  rate  (RR),  and  hand 
tremor  were  recorded  at  30-minute 
intervals.  The  FEV,  was  1.48  ±  0.64 
L  prior  to  BN  and  increased  to  a 
maximum  of  2.20  ±  0.94  L  (p  <  0.05) 
90  minutes  later.  The  FEVi  prior  to 
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CN  was  1.13  ±  0.51  L  and  improved 
to  2.20  ±  1.02  L  (p  <  0.05)  at  120 
minutes.  The  FEVi  did  not  differ 
significantly  between  regimens  over  the 
2-hour  period.  Both  modes  of  therapy 
were  well  tolerated.  There  was  a  slight 
but  significant  increase  in  HR  at  30 
and  90  minutes  in  the  BN  group  when 
compared  with  CN.  There  was  no 
significant  difference  in  BP,  RR,  or 
tremor  between  the  groups.  Thus, 
albuterol  by  CN  was  found  to  be 
equally  effective  as  the  same  medica- 
tion by  BN  in  the  early  treatment  of 
asthma  in  patients  seen  in  the  emer- 
gency department. 


Bronchodilators  in  Patients  with 
Chronic  Obstructive  Pulmonary 
Disease  on  Mechanical  Ventilation: 
Utilization  of  Metered-dose  In- 
halers— A  Fernandez,  A  Lazaro,  A 
Garcia,  C  Aragon,  E  Cerda.  Am  Rev 
RespirDis  1990;  141: 164. 

Bronchodilators  are  used  widely  in  the 
acute  exacerbations  of  chronic  obstruc- 
tive pulmonary  disease  (COPD), 
although  their  effectiveness  is  not 
clearly  established.  We  used  three 
bronchodilators  in  20  patients  with 
COPD  who  were  being  mechanically 
ventilated.  Two  of  the  bronchodilators, 
ipratropium  bromide  and  salbutamol, 
were  administered  from  metered-dose 
inhalers  (MDI)  through  an  adapter  to 
the  endotracheal  tube,  and  the  third, 
aminophylline,  was  administered  in  the 
form  of  intravenous  infusion.  Before 
administering  each  drug,  peak  airway 
pressure,  end-inspiratory  pressure, 
resistive  pressure,  and  auto  positive 
end-expiratory  pressure  (auto-PEEP) 
were  measured,  and  inspiratory  resist- 
ance and  compliance  were  calculated. 
Heart  rate  (HR)  and  blood  pressure 
were  also  recorded,  and  arterial  pH  and 
blood  gas  determinations  were  made. 
These  measurements  were  repeated  60 
min  after  the  administration  of  amino- 
phylline, 15  and  60  min  after  admin- 
istering salbutamol,  and  30  and  60  min 


after  administering  ipratropium 
bromide.  With  these  three  drugs, 
airway  pressures  were  reduced  as  well 
as  auto-PEEP  and  inspiratory  resist- 
ance, with  respect  to  basal  values  (p 
<  0.05).  The  changes  in  compliance 
were  only  significant  with  salbutamol 
(p  <  0.05).  HR  was  only  significantly 
modified  with  aminophylline  (p  < 
0.05).  No  blood  gas  change  was 
observed  with  any  of  the  three  drugs. 
It  can  be  concluded  that  ( I )  the  three 
drugs  used  in  this  study  were  equally 
effective  in  producing  significant 
bronchodilation  in  patients  on  mechan- 
ical ventilation  for  severe  acute 
exacerbation  of  COPD;  (2)  the  admin- 
istration of  bronchodilators  by  MDI 
in  intubated  patients  through  a  special 
adapter  was  as  effective  as  the  intra- 
venous administration  of  amino- 
phylline. 


Persistent  Hypoxemia  and  Exces- 
sive Daytime  Sleepiness  in  Chronic 
Obstructive  Pulmonary  Disease 
(COPD)— WC  Orr,  Z  Shamma- 
Othman,  D  Levin,  J  Othman,  OH 
Rundell.  Chest  1990;  97:583. 

Fourteen  patients  with  chronic 
obstructive  pulmonary  disease 
(COPD)  and  chronic  hypoxemia  were 
studied  to  evaluate  the  relationship 
between  hypoxemia  and  objective  and 
subjective  daytime  sleepiness.  Patients 
were  selected  with  a  waking  Pao^  of 
less  than  70  torr  and  less  than  50% 
predicted  FEVi.  Clinically,  none  of 
these  patients  had  complaints  of 
significant  daytime  sleepiness.  Each 
patient  underwent  standard  all-night 
polysomnographic  evaluation  followed 
by  a  multiple  sleep  latency  test 
(MSLT).  There  was  no  significant 
correlation  between  the  mean  sleep 
onset  latency  for  the  MSLT  and  the 
waking  PaOj^  PcO:'  FEVi,  or  spon- 
taneous desaturations  during  sleep. 
Patients  with  COPD  exhibited  a  mean 
MSLT  that  was  within  normal  limits, 
despite  a  short  total  sleep  time  and 
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numerous  arousals  from  sleep.  We  con- 
clude that  there  appears  to  be  no 
relationship  between  chronic  daytime 
hypoxemia  and  subjective  reports  and 
objective  measures  of  daytime 
sleepiness. 


Isoflurane  Therapy  for  Status  Asth- 
maticus  in  Children  and  Adults — RG 

Johnston,  TW  Noseworthy,  EG 
Friesen,  HA  Yule,  A  Shustack.  Chest 
1990;97:698. 

Two  adults  and  two  children  with  life- 
threatening  asthma  refractory  to 
maximal  standard  therapy  were  treated 
with  the  inhalational  anesthetic  agent 
isoflurane.  In  each  case,  the  temporal 
response  to  the  initiation  of  therapy 
was  striking.  All  patients  survived  and 
none  experienced  adverse  reactions 
attributable  to  the  drug.  Rapid  thera- 
peutic benefit,  minimal  side  effects, 
absence  of  cumulative  toxicity,  and 
ease  of  administration  are  factors 
supporting  the  use  ,of  isoflurane  for 
patients  with  severe  asthma. 
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Mishaps  during  Transport  from  the 
Intensive  Care  Unit — I  Smith,  S 
Fleming,  A  Cernaianu.  Crit  Care  Med 
1 990;  1 8:278. 

We  undertook  a  prospective  study  of 
125  intrahospital  patient  transports 
from  the  intensive  care  unit  (ICU)  in 
an  attempt  to  identify  any  factors  that 
could  influence  the  occurrence  of 
mishaps.  One  third  of  the  transports 
sustained  at  least  one  mishap.  Thera- 
peutic intervention  scoring  system  class 
IV  transports  had  the  highest  rate  of 
mishaps  (35%).  We  found  no  relation- 
ship of  occurrence  of  mishaps  to 
severity  of  illness  (Acute  Physiology 
and  Chronic  Health  Evaluation, 
APACHE  II),  number  of  lines,  moni- 
toring and  support  modalities,  and  time 
out  of  the  ICU.  Transports  for  elective 
procedures  had  more  mishaps  (60%) 
than  occurred  for  emergencies  (40%). 
Most  mishaps  occurred  either  during 
the  procedure,  on  transports  to  CT 
scan,  or  while  waiting  at  the  destina- 
tion. The  numbers  and  types  of  escorts 
as  defined  by  our  ICU  policy  and 
physician  attendance  on  transport  did 
not  clearly  reduce  mishaps  risk. 
Morbidity  and  mortality  were  not 
affected  by  mishaps.  Although  certain 
trends  did  emerge,  no  clearly  defined 
predictive  factor  could  be  identified. 
Further  study  into  transport  mishaps 
is  warranted. 


The  Diagnosis  of  Mild  Emphysema: 
Correlation  of  Computed  Tomo- 
graphy and  Pathology  Scores — K 

Kuwano,  K  Matsuba,  T  Ikeda,  et  al. 
Am  Rev  Respir  Dis  1 990;  141: 1 69. 

Early  and  accurate  diagnosis  is  said  to 
be  invaluable  for  identification  of 
clinically  silent  and  mild  emphysema. 
Recently,  computed  tomography  (CT) 
has  been  much  advocated  for  its 
efficacy  in  detailed  diagnosis  of 
emphysema,  and  the  results  have  been 
compared  with  the  pathology  grade  of 
emphysema   in   resected   lung  speci- 


mens. To  assess  the  ability  of  high 
resolution  CT  scan  in  detecting  and 
grading  mild  emphysema,  we  corre- 
lated the  high  resolution  CT  scan  with 
the  pathology  grade  of  emphysema  and 
the  destrucUve  index  (DI)  of  lung 
specimens  from  42  pafients  undergoing 
thoracotomy  for  a  solitary  pulmonary 
nodule.  The  high  resolution  CT  scan 
and  the  cut  surface  of  the  lung, 
corresponding  exactly  to  the  same 
plane  of  the  CT  scan  image,  were 
assessed  using  the  picture-grading 
system  of  Thurlbeck  and  coworkers  on 
a  scale  of  zero  to  100.  The  CT  scores 
for  all  patients  ranged  from  12  to  57, 
with  a  mean  ±  SD  of  22.1  +  9.6  using 
1-mm  collimation  (n  =  35),  and  from 
7  to  46  with  a  mean  +  SD  of  16.5 
±  8.3  using  5-mm  collimation  (n=  33). 
The  pathology  scores  ranged  from  10 
to  57,  with  a  mean  +  SD  of  23.2  + 
9.8  (n  =  42).  The  DI  ranged  from  15.4 
to  67.1,  with  a  mean  ±  SD  of  31.4 
±  10.8  (n  =  42).  The  CT  scores  using 
1-mm  and  5-mm  collimation  corre- 
lated significantly  with  the  pathology 
scores  (r  =  0.68  and  0.76,  respectively, 
p  <  0.001),  and  with  the  DI  (r  =  0.62 
and  0.74,  respectively,  p  <  0.001 ).  The 
pathology  scores  correlated  signifi- 
cantly with  the  DI  (r  =  0.72,  p  < 
0.001).  We  therefore  concluded  that 
high  resolution  CT  can  help  to  identify 
the  presence  and  grading  of  mild 
emphysema. 

Variation  in  Maximum  Inspiratory 
and  Expiratory  Pressure  after  Appli- 
cation of  Inspiratory  Loads  in  Pa- 
tients with  COPD  J  Fiz,  M  Gallego, 
J  Izquierdo,  J  Ruiz,  J  Roig,  J  Morera. 
Chest  I990;97:618. 

We  studied  eight  men  with  chronic 
obstructive  pulmonary  disease 
(COPD)  (age,  60.57  ±  7.59  years; 
height,  162  ±  10.43  cm;  weight,  65 
±  9.7  kg).  Functional  values  of  the 
sample  were  as  follows:  FEVi,  46%; 
FVC,  67%;  Po,.  72.4  torr;  and  pH, 
7.41.  We  used  a  modification  of  the 
Nickerson  and  Keens  method.  Patients 
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your  Marquette  Electronics  sales  representative,  or  call 
1-800-288-6422. 

marquette 

gas  analysis  corp. 

2383  Schuetz  Road 
St.  Louis,  Missouri  63146 
(314)432-0302 
(800)  288-MGAC 
FAX:  (314)  432^30 
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^^^^^^^^^^^^^^^^Continuing  Education  on  Videotape  ^^^^mtm^^^^^i^^ 

Series  II,  The  Newest  and  Best  of 

"Current  Concepts  in  Cardiopulmonary  Care" 

—  is  still  the  best  bargain  in  continuing  education. 

Series  II  continues  to  save  you  money  on  your  budget  even  though  you  still  must  deal  with  prospective  payment  and  tax  laws. 
In  1990,  you  are  still  limited  on  how  much  you  spend  on  travel,  seminars,  and  continuing  education,  but  even  with  this  reduced 
budget,  you  can  maintain  a  quality  continuing  education  program  by  using  "Current  Concepts  in  Cardiopulmonary  Care," 
Series  II.  It  allows  you  to  take  advantage  of  cardiopulmonary  care  educational  opportunities  at  less  cost. 


□  Price:  $40  for  VHS  (Member  S.15) 
••AVAII..ABI.K  ONI  V  IN  VHS" 


The  Hospitalized  COPD  Patient:  10  Commandments  lor  the  Clin 
(VT30)— By  David  J  Pierson.  MD 

Monitoring  Respiratory  Mechanics  during  Mechanical  Ventilatioi 
(VT29)— By  Robert  L  Chatburn,  RRT 

Pressure  Support  Update.  1989  (VT28)— By  Neil  Maclntyre.  MD 

Work  ol  Breathing  during  Mechanical  Ventilation  (VT27)— 
By  John  Marmi,  MD 

Oxygen  Transport  and  Utilization  (VT26)— By  David  R  Dantzker.  MD 

Principles  of  Neonatal -Pediatric  Ventilation  (VT25)— 
By  Robert  L  Chatburn.  RRT 

Surfactant  Replacement  (VT24)— By  Alan  Jobe,  MD 


D  Fetal  Lung  Development  (VT23)       By  Charles  Rosenfeld.  MD  This  tape 
examines  the  improved  statistics  on  decreased  perinatal  and  neonatal  mortality 
over  the  last  15  years.  The  presentation  then  proceeds  to  fetal  lung  development 
in  anatomical  and  bicxrhemical  phases.  The  four  anatomical  phases  of  fetal  lung 
development  are  listed,  described,  and  followed  by  an  extensive  discussion  of 
the  biochemical  development  of  the  fetal  lung  through  gestation  This  includes  a 
descnption  of  the  major  substances  in  surfactant,  the  importance  of  their  timely 
development,  and  its  function  is  described  along  with  the  methods  u,sed  to  a.s.sess 
fetus  survivability  by  using  tracheal  aspirant  to  identify  the  neces.sary  ratios  of 
the  phospholipids  making  up  surfactant  A  question-and-answer  session 
discusses  methods  to  accelerate  fetal  lung  maturation  and  current  research  on 
surfactant  replacement  therapy. 

n  Pulmonary  Rehabilitation  (VT7)  -  By  John  E  Hodgkin.  MD.  Dr 
Hodgkin,  active  in  developing  a  national  framework  for  rehabilitative 
pulmonary  medicine,  provides  an  overview  of  the  sequence  for  pulmonary 
rehabilitation  You  will  learn  candidate  evaluation  and  selection,  rehabilitation 
team  establishment,  identification  of  short-  and  long-term  goals,  program 
components,  assessment  of  patient  progress,  and  long-term  follow-up.  Dr. 
Hodgkin  then  discus.ses  contemporary  thoughts  on  traditional  respiratory 
therapy  techniques,  such  as  aerosol  therapy.  IPPB,  oxygen  therapy,  and  chest 
physiotherapy.  u,sed  in  treating  COPD  patients. 

n  Drainage  of  the  Pleural  Space:  Management  of  Chest  Tul)es  and 
Bronchopleural  Air  Uak  (VT2!)  -   By  Martha  L  Tyler.  RRT,  RN   With 
this  tape  you  will  learn  the  physiologic  effects  of  abnormal  pleural  space 
function,  eg,  pneumothorax,  as  well  as  one-,  two-,  and  three-lxittle  chest 
drainage  systems  Discu-ssion  covers  the  potential  problems  a.ssociated  with  chest 
tul)es  stnpping,  difficulties  of  bronchopleural  air  leaks  with  mechanical 
ventilation,  the  therapeutic  goals  of  chest  tube  placement,  and  techniques  for 
maintaining  gas  exchange  with  air  leaks.  Further  discussion  covers  the  operating 
charactenstics  and  clinical  effiaency  of  several  commercially  available  chest 
drainage  units. 

D  Sleep  Apnea  (VTII)  By  Alan  K.  Pierce,  MD  During  the  last  decade, 
our  understanding  of  the  physiologic  mechanisms  and  significance  of  ventilatory 
drsorders  during  sleep  has  vastly  improved  Dr  Pierce  explains  how  sleep  stages, 
as  recorded  by  electroencephalography,  arc  related  to  respiratory  patterns  and 
blood  gas  values  in  tioth  normal  and  abnormal  subjects  Includes  a  discission  of 
the  cntena  for  defining  the  sleep  apnea  syndrome  and  the  distinguishing  features 
of  central,  obstructive,  and  mixed  causes  of  apnea  Also  addres,sed  is  the  efficacy 
of  medical  treatment  to  correct  specific  types  of  sleep  apnea 

D  Pulmonary  Manifestations  of  AIDS  (VTI4)       By  Jon  Weissler,  MD  A 
historical  perspective  of  Acquired  Immune  Deficiency  Syndrome  is  presented, 
including  epidemiological  considerations,  demographics,  and  scKial 
ramifications  Instruction  is  also  provided  on  the  pathogenesis  of  AIDS  with 
emphasLS  on  diagnosis  and  treatment  of  pulmonary  manifestations.  The  lively 
question-and-answer  session  highlights  precautions  for  health  care  workers 
concerning  AIDS 


D  Practical  Management  of  ARDS  (VTI6)       By  David  Pierson,  MD  Adult 
Respiratory  Distress  Syndrome  is  defined  in  this  informative  tape  and  its  clinical 
features  described,  including  incidence  of  risk  factors  and  clinical  predictors. 
ALso  extensively  discussed  is  the  asc  of  PEEP  to  treat  ARDS,  including  goaLs, 
complications,  best  or  optional  PEEP  levels,  PEEP  trials,  and  PEEP 
withdrawal,  as  well  as  general  treatment,  prognosis,  and  sequelae  of  ARDS. 

Q  Modes  of  Conventional  Ventilation  (VTI9)  —  By  Robert  M.  Kacmarek, 
PhD,  RRT.  A  historical  review  of  mechanical  ventilation  is  presented,  including 
the  rationale  for  movement  from  one  generation  of  ventilators  to  another. 
Ventilator  modes  discus.sed  include  control,  assist/control  ( A/C),  intermittent 
mandatory  ventilation  (IMV),  synchronized  intermittent  mandatory  ventilation 
(SIMV),  mandatory  minute  ventilation  (MMV),  and  pressure  support 
ventilation  (PSV).  Description  includes  typical  pressure  wave  forms  of  each 
mode. 

n  Oinical  Prediction  and  Prevention  of  ARDS  (VT20)       By  Leonard  D. 
Hudson,  MD.  The  mortality  of  patients  diagnosed  with  Adult  Respiratory 
Distress  Syndrome  has  remained  unchanged  since  the  term  was  first  coined  in 
1976.  This  videotape  investigates  a  system  of  dealing  with  pcitential  ARDS 
patients,  which  may  decrease  mortality.  The  discu.ssion  centers  on  the 
identification  of  patients  at  risk  of  developing  ARDS.  their  risk  factors,  and  risk 
criteria  An  approach  to  detect  and  prevent  ARDS  is  presented. 

n  Oinical  Use  of  the  Swan-Ganz  Catheter  (VT22)  —  By  John  Marini,  MD. 
Clinical  applications  of  data  obtained  by  Swan-Ganz  catheter  (SGC)  placement 
and  the  situations  in  which  SGC  placement  are  useful  are  described  in  this 
video  presentation.  The  clinical  value  of  the  clinical  variables  monitored  by 
SGC  and  the  complications  of  its  placement  are  detailed,  including  "damping" 
of  the  waveform,  "overwedging,"  and  optimal  lung  zone  placement 
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The  Uniform  Reporting  Manual, 

3rd  Edition 


The  third  edition  of  the  Uniform  Reporting  Manual  represents  dramatic  changes  —  in 
the  format,  the  activities  covered,  and,  in  many  instances,  in  the  time  standards.  It's  an 
indispensable  guide  for  managers  who  need  to  document  their  work-load  units  and  time 
standards.  The  new  third  edition  is  easier  for  you  to  use.  And,  it  is  now  ready  to  ship. 

This  updated  version  documents  work-load  units  and  time  standards  on:  Patient 
Assessment  Activities,  Airway  Care,  Bronchial  Hygiene,  Diagnostic  Tests,  and 
Supplemental  Oxygen.  In  addition,  there  are  chapters  on  Clinical  Activities  without  Time 
Standard  and  Management  Support  Activities. 

The  manual  costs  AARC  members  only  $60. 
For  nonmembers,  the  cost  is  $80. 

SAVE  HALF  THE  PRICE 

If  you  purchased  the  first  or  second  edition  of  the  Uniform  Reporting  Manual,  you  can 
get  the  third  edition  at  half  price  by  sending  us  the  cover  of  the  three-ring  binder  from 
your  old  edition. 

To  order,  call  (214)  243-2272  with  your  credit  card  number, 
or  send  your  check  or  hospital  purchase  order  with  the  coupon  below. 
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Six  Reasons 
Every  Asthmatic 
Should  Use 
ASSESS 

1      Provides  accurate  peak  flow  measurement' 

2^    Permits  objective  assessment  of  clinical  course^ 

3    Warns  of  bronchospasm  prior  to  onset  of 
,  clinical  symptoms^ 
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Signals  need  to  adjust  dosage  or  seek 
;  medical  attention"^ 


S    Helps  avoid  over-  or  undermedication^ 

6    Enhances  patient  compliance  and  communication 
,  with  physician"* 

Accurate  •  Durable  •  Unconditional  Warranty 
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ABSTRACTS 


were  required  to  perform  65%  of 
maximal  inspiratory  pressure  (MIP). 
We  counted  the  time  from  the  start 
of  the  test  to  exhaustion  of  the  patient 
(TLIM).  We  measured  basal  MIP  and 
maximal  expiratory  pressure  (MEP) 
(TLC)  at  the  TLIM  and  10,  20.  and 
30  minutes  and  MIP  was  different  from 
the  basal  value  (MIP  basal,  85.7  cm 
H2O;  MIP  10  minutes,  79.1  cm  H2O; 
MIP  20  minutes,  78.6  cm  H:0;  MIP 
30  minutes,  79.6  cm  H2O.  The  MEP 
was  not  different  from  the  basal  value. 
We  concluded  that  in  patients  with 
COPD,  MIP  decreases  significantly 
after  inspiration  through  umbral 
inspiratory  weight  equal  to  65%  MIP 
and  does  not  return  to  basal  value  for 
30  minutes.  The  MEP  does  not  change 
with  respect  to  basal  determination. 

The  Increased  Needs  of  Patients  in 
Nursing  Homes  and  Patients 
Receiving  Home  Health  Care — PW 

Shaughnessy,  AM  Kramer.  N  Engl  J 
Med  1990:322:21. 
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To  evaluate  the  effects  of  Medicare's 
prospective  payment  system  and 
Medicaid's  preadmission  regulations 
on  long-term  care,  we  constructed 
clinical  profiles  in  1982  and  1986  of 
about  500  randomly  selected  patients 
from  each  of  three  types  of  facilities; 
nursing  homes  with  relatively  high 
proportions  of  Medicare  patients  (high- 
Medicare  nursing  homes;  n  =  23), 
traditional  nursing  homes  (n  =  19),  and 
home  health  agencies  (n  =  18).  Data 
were  obtained  directly  from  the  care 
givers  on  the  medical  problems, 
problems  requiring  skilled  nursing,  and 
functional  problems  of  these  represen- 
tative patients  from  12  states.  For 
Medicare  patients  in  high-Medicare 
nursing  homes,  the  prevalence  of 
medical  problems  and  problems 
requiring  skilled  nursing  increased 
substantially,  whereas  the  prevalence 
of  functional  problems  remained 
relatively  unchanged.  For  example, 
from  1982  to  1986  there  was  a  marked 
increase  in  the  frequency  of  tube 
feedings  (21  to  29%),  oxygen  use  (6 
to  14%),  urinary  tract  infection  (7  to 
13%),  and  diastolic  hypertension  (1  to 
10%),  but  not  difficulty  in  eating  (48 
to  51%)  or  speaking  (28  to  29%).  In 
contrast,  in  traditional  nursing  homes 
there  was  an  incease  in  the  prevalence 
of  functional  disability,  but  virtually  no 
change  in  that  of  problems  requiring 
medical  and  skilled  nursing  care.  In 
home  health  care  the  functional  care 
needs  of  Medicare  patients  increased 
significantly,  and  there  was  a  slight 
increase  in  the  prevalence  of  problems 
requiring  medical  and  skilled  nursing 
care.  We  conclude  that  from  1982  to 
1986  the  needs  of  patients  in  long-term 
care  increased  substantially.  This  trend 
appears  to  result  from  Medicare's 
prospective  payment  system,  which 
encourages  earlier  hospital  discharge  to 
long-term  care  settings,  and  from 
Medicaid's  policy  of  deinstitutionaliza- 
tion. Meeting  this  greater  need  for  care 
will  be  costly.  We  require  a  better 
system  of  reimbursing  for  long-term 
care  and  ensuring  its  quality. 
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IT'S  SO  SIMPLE, 
MORE  PATIENTS  USE  IT  THAN  ANY  OTHER  PORTABLE  VENTILATOR  IN  THE  WORLD. 


It's  a  faa.  For  simple,  safe, 
reliable  performance,  more 
ventilator  dependent  patients 
depend  on  LIFECARE  ventila- 
tors than  an>-  other  portable 
ventilator  in  the  world. 


The  reason  is  simple.  Advanced  micropro- 
cessor control  makes  LIFECARE  ventilators 
coasistentl)'  accurate,  versatile  and  eas\-  to  use. 

The  PLV-102  is  our  latest  achie\'ement.  With 
five  modes  of  operation  to  choose  fmm, 
you  can  use  it  on  virtually  any  patient  in 
your  institution.  It  features  a  unique  \alve 
technology  that  accurately  delivers  ox\gen 
fn)ni  both  liquid  and  compressed  ga.s  sources. 
There  s  no  need  for  blenders  and  no  waste 
of  oxygen.  There's  also  a  comprehensi\e 
alarm  sj-stem  that  alerts  you  of  any  fault 


in  deliver)'  or  supply.  You  can 
even  connect  directly  to  \our 
central  alarm  system. 


The  PLV-102  is  lightweight, 
rugged  and  completely  portable.  And  whether 
your  need  is  for  long  term  or  acute  care, 
the  PLV-102  makes  it  easy  and  affordable. 

Call  us  for  more  information  or  to  arrange 
a  trial  demonstration  in  your  institution. 
Ask  about  the  PL\-102.  It  may  not  be  child's 
play,  but  it  simply  doesn't  get  any  easier 
than  LIFECARE. 


^LIFECARE 

655  Aspen  Ridge  Drive 
Lafayette,  CO  80026 
(303)666-9231 
FAX:  (303)666-0415 
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NONINVASIVE  MONITORING  IN  RESPIRATORY  CARE 

Parti 

A  Special  Issue 

based  on  a  conference 

held  December  7-9,  1989, 

in  Ixtapa,  Mexico 

sponsored  by 

The  American  Association  for  Respiratory  Care 

and  its  science  journal  RESPIRATORY  Care 


Chairmen  and 
Guest  Editors: 


Dean  Hess  MEd  RRT  and  Robert  M  Kacmarek  PhD  RRT 


Speakers:         Richard  D  Branson  RRT 
Robert  L  Chatburn  RRT 
Charles  G  Durbin  Jr  MD 
Thomas  East  PhD 
Dean  Hess  MEd  RRT 
Robert  M  Kacmarek  PhD  RRT 
Bruce  P  Krieger  MD 


Neil  R  Maclntyre  MD 
John  J  Marini  MD 
Richard  J  Martin  MD 
David  J  Pierson  MD 
Ray  Ritz  RRT 
James  P  Welch  BS 


Discussants:         The  chairmen,  the  speakers,  Thomas  A  Barnes  EdD  RRT, 
William  C  Burke  PhD,  Larry  H  Conway  RRT, 
Sam  Giordano  MBA  RRT,  Theodore  W  Marcy  MD, 
Paul  J  Mathews  Jr  MPA  RRT,  and  Homer  Rodriguez  RRT 


NONINVASIVE  MONITORING  IN  RESPIRATORY  CARE— Part  II 
will  appear  in  the  July  1990  issue 


Conference  Proceedings 


Noninvasive  Monitoring  in  Respiratory  Care — 
Present,  Past,  and  Future:  An  Overview 


Dean  Hess  MEd  RRT 


Noninvasive  monitoring  in  respiratory  care  became 
very  popular  in  the  1980s.  Until  the  early  1970s, 
arterial  blood  gases  and  pH  were  not  commonly 
measured,  but  we  can  now  measure  oxygen  tension 
(Pq,),  carbon  dioxide  tension  (PC02)'  ^"'^  oxygen 
saturation  noninvasively  and  continuously.  Much  of 
this  technologic  advance  is  the  result  of  the  use  of 
microprocessors.  The  microprocessor  has  increased 
the  speed  and  sophistication  of  data  acquisition  and 
manipulation,  and  has  allowed  a  decrease  in  the  size 
of  monitoring  equipment. 

Definition  of  Terms 

During  the  summary  of  the  1984  Respiratory 
Care  Journal  Conference  on  Monitoring  of  Critically 
111  Patients,  Dr  Hudson  proposed  the  following 
definition  of  monitoring: 

Monitoring  is  making  repeated  or  continuous  observations 
or  measurements  of  the  patient,  his  or  her  physiologic 
function,  and  the  function  of  life  support  equipment,  for 
the  purpose  of  guiding  management  decisions,  including 
when  to  make  therapeutic  interventions,  and  assessment 
of  those  interventions. 

Generally,  I  think  this  definition  is  good,  but  I  would 
modify  it  in  several  ways. 


Mr  Hess  is  Assistant  Director  of  Clinical  Research,  York  Hospital, 
York,  Pennsylvania. 

A  version  of  this  paper  was  presented  by  Mr  Hess  on  December  7, 
1989,  during  the  RtSPlRATORY  CARE  Journal  Conference  on 
Noninvasive  Monitoring  in  Respiratory  Care  held  in  Ixtapa, 
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Reprints:  Dean  Hess,  Clinical  Research.  York  Hospital,  1001 
S  George  St,  York  PA  1 7405. 


I  would  differentiate  between  'monitoring'  and 
'measurement.'  I  prefer  the  word  'monitoring'  to  refer 
to  a  continuous,  or  at  least  nearly  continuous, 
evaluation  of  physiologic  function.  'Measurement,'  on 
the  other  hand,  is  intermittent.  Thus,  the  utilization 
of  continuous  electrocardiography  (ECG)  in  the 
intensive  care  unit  (ICU)  would  meet  my  definition 
for  monitoring.  However,  arterial  blood  gas  analysis 
would  be  measurement  because  it  is  intermittent 
rather  than  continuous. 

Another  criterion  for  monitoring  is  that  it  be  done 
in  'real  time.'  Thus  Holter  'monitoring,'  although  it 
is  continuous,  would  not  meet  that  criterion  for 
monitoring  because  it  does  not  provide  real-time 
information. 

My  definition  of  monitoring,  modified  from  Dr 
Hudson's,  is: 

Monitoring  is  a  continuous,  or  nearly  continuous, 
evaluation  of  the  physiologic  function  of  a  patient  in  real 
time  to  guide  management  decisions — including  when  to 
make  therapeutic  interventions — and  assessment  of  those 
interventions. 

Invasive  monitoring  penetrates  the  body  of  the 
patient,  and  includes  pulmonary  artery  pressure 
monitoring,  systemic  arterial  pressure  monitoring, 
intracranial  pressure  monitoring,  and  esophageal 
pressure  monitoring.  Noninvasive  monitoring  does 
not  penetrate  the  body  of  the  patient;  noninvasive 
monitors  typically  rest  on  the  skin  of  the  patient  or 
sample  the  inspired  and  expired  gases  of  the  patient. 
It  is  important  not  to  assume  that  noninvasive 
monitoring  is  necessarily  harmless.  For  example, 
heated  transcutaneous  Pq.  and  Pco;  electrodes  can 
produce  skin  burns,"  and  pulse  oximeter  probes  can 
produce  pressure  necrosis. 

Monitoring  in  respiratory  care  goes  beyond 
monitoring  of  respiratory  care.  Because  of  the  role 


482 


RESPIRATORY  CARE  •  JUNE  '90  Vol  35  No  6 


NONINVASIVE  MONITORING  IN  CONTEXT 


of  respiratory  function  in  homeostasis,  monitoring  in 
respiratory  care  should  include  monitoring  of  organ 
function  other  than  respiratory  function  (eg,  cardiac, 
neurologic,  and  renal  function). 

Why  the  Current  Interest 
in  Noninvasive  Monitoring? 

There  is  considerable  interest  in  noninvasive 
monitoring  in  all  aspects  of  respiratory  care— adult 
acute  care,  neonatal/pediatric  care,  pulmonary 
function  testing,  rehabilitation,  and  home  care.  I 
believe  that  this  interest  in  noninvasive  monitoring 
derives  from  a  desire  to  avoid  invasive  procedures 
and  to  obtain  continuous  real-time  data,  and  from 
effective  marketing  strategies  by  the  manufacturers 
of  the  monitoring  devices. 

Many  complications  of  invasive  measurements  and 
monitoring  are  well  known  and  have  been  reported 
in  detail  elsewhere.^  Both  the  patient  and  the  health 
care  provider  are  at  risk  of  infection  with  invasive 
monitoring.  The  patient  is  at  risk  for  sepsis,  and  the 
health  care  provider  is  at  risk  for  infections  such  as 
hepatitis  and  AIDS.  The  presence  of  invasive  catheters 
also  puts  the  patient  at  risk  for  blood  loss,  thrombus 
formation,  and  distal  embolization.  At  the  very  least, 
invasive  monitoring  is  uncomfortable  and  often 
painful  for  the  patient. 

Invasive  measurements,  such  as  arterial  blood  gas 
analyses,  do  not  provide  continuous  information.  This 
was  pointed  out  by  Thorson  et  al,^  who  reported 
clinically  important  variability  in  arterial  P02 
measurements  over  a  50-minute  time  period  in  stable 
critically  ill  patients.  Continuous  noninvasive 
monitoring  has  the  potential  to  allow  detection  of 
deviations  from  a  patient's  baseline  state  that  would 
otherwise  go  unnoticed.  What  is  currently  unknown 
is  how  often  these  deviations  from  baseline  result 
in  serious  sequelae  for  the  patient. 

With  forms  of  measurement  such  as  arterial  blood 
gas  analysis,  long  delays  can  occur  between  a  sample 
acquisition  and  a  report  of  the  results,  with  consequent 
delays  in  diagnosis  and  treatment.  However, 
noninvasive  monitoring  provides  real-time  data  and 
can  be  useful  for  guiding  patient-management 
decisions. 

Invasive  measurement  can  change  the  baseline  state 
of  the  patient,  producing  results  that  may  not  be  a 
valid  indicator  of  the  patient's  true  status.  An  example 
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CO: 

—  Carbon  dioxide 
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—  Electrocardiography 
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—  Intensive  care  unit 
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—  Oxygen 

PaCO: 

—  Arterial  CO;  tension  (partial  pressure) 
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—  Arterial  O2  tension 
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—  End-tidal  CO2  tension 

P02 

—  O;  tension 

PtcCO; 

—  Transcutaneous  CO:  tension 

PtCO; 

—  Transcutaneous  O;  tension 

RIP 

—  Respiratory  inductive  plethysmography 

A  Guide  to  the  Use  of  SI  in  this  Paper* 

The  SI  unit 

for  pressure  is  the  kilopascal  (kPa). 

(torr)(0.133  3)  =  kPa. 
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for  temperature  is  degrees  Kelvin  (°K). 

°C  + 273.15  =  °K. 

*For  further  information  on  SI  (le  Systeme  International 

d'Unites), 

see  Respir  Care  1988;33;86 1-873  (October 

1988)  and  Respir  Care  1989;34:145  (February  1989—      | 

Correction 

). 

of  this  is  the  hyperventilation  that  may  result  from 
an  arterial  puncture. 

It  is  important  to  recognize  the  role  of  manufac- 
turers in  the  emergence  of  noninvasive  monitoring. 
Manufacturers  deserve  considerable  credit  for 
developing  the  technology  that  has  made  noninvasive 
monitoring  possible.  Manufacturers  have  also  done 
a  terrific  job  in  marketing,  convincing  many  of  us 
that  we  need  to  use  the  technology  they  have 
developed.  However,  I  think  it  is  important  for 
manufacturers  to  be  reminded  that  they  should 
maintain  their  clinical  focus,  and  should  work  with 
clinical  health  care  consultants  to  provide  monitors 
that  address  relevant  clinical  problems.  We  need  to 
be  careful  that  brilliant  engineers  do  not  develop 
technology  that  becomes  a  solution  in  search  of  a 
problem. 

How  Much  Noninvasive  Monitoring  Is  Needed? 

This  is  an  important  question  for  both  clinicians 
and  administrators.  Many  clinicians  want  to  be  able 
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to  monitor  everything  possible  during  patient  care — 
adopting  a  'more  is  better'  attitude.  Administrators, 
on  the  other  hand,  become  justifiably  concerned  with 
the  costs  associated  with  this  approach  to  monitoring. 
I  believe  that  monitoring  can  be  excessive  and  may, 
in  that  way,  distract  from  rather  than  complement 
patient  care. 

With  some  of  the  newer  monitors,  clinicians  may 
not  understand  what  the  displayed  numbers  mean. 
Clinicians'  knowledge  of  the  displayed  results  often 
lags  behind  the  introduction  of  the  monitor  into 
clinical  practice.  Many  clinicians  take  the  displayed 
results  at  face  value,  with  little  understanding  of  how 
the  data  were  collected,  how  the  data  were  processed 
inside  the  'black  box,'  and  what  restrictions  limit  the 
usefulness  of  the  results.  This  can  be  disastrous  in 
patient  care.  Some  examples  include: 

•  Transcutaneous  Pq^  (PtcoO  and  Pco:  (PtcCO:) 
values  may  not  be  valid  indicators  of  arterial 
Pq:  (PaO:)  and  Pco:  (PaCO:)  i"  patients  with 
low  cardiac  output.*" 

•  Use  of  pulse  oximetry  to  evaluate  patients  for 
home  oxygen  may  exclude  some  patients  from 
reimbursement  who  would  qualify  based  on 
blood  gas  results.' 

•  Pulse  oximetry  may  not  detect  arterial  desatura- 
tion  in  patients  with  high  carboxyhemoglobin 
levels.** 

•  End-tidal  Pco-  (Petco:)  may  be  a  poor  indicator 
of  Pacoi  in  patients  with  pulmonary  disease 
characterized  by  increased  dead  space.'* 

Clinicians  need  to  be  certain  that  they  clearly 
understand  the  application  and  limitations  of  the 
monitors  that  they  use.  Otherwise,  the  limitations  of 
the  monitor  can  result  in  inappropriate  patient  care. 
The  presence  of  many  monitors  at  the  bedside  can 
be  distracting  to  clinicians.  Sometimes  I  think  that 
we  do  so  much  monitoring  that  we  need  one  clinician 
at  the  bedside  to  take  care  of  the  monitors  and  another 
to  take  care  of  the  patient.  I  fear  that  sometimes 
we  spend  more  time  taking  care  of  monitors  than 
taking  care  of  patients.  There  is  nothing  worse  than 
watching  a  patient  deteriorate  while  the  staff  tries 
to  get  the  monitoring  equipment  to  work  properly. 
Many  monitoring  systems  tend  to  beep,  buzz,  and 
blink  constantly.  As  a  result,  the  monitor  is  either 
ignored  or  the  alarms  are  silenced.  When  this  happens, 
the  monitor  becomes  useless. 


Data  overload  can  occur  with  excessive  monitoring. 
When  presented  with  a  lot  of  data,  some  clinicians 
will  tend  to  ignore  all  of  it  rather  than  choose  that 
which  is  most  useful  at  the  time.  Others  will  look 
at  some  of  the  data  but  will  choose  the  wrong  data. 
In  either  case,  the  monitoring  does  not  benefit  the 
patient. 

Another  problem  with  excessive  monitoring  is  the 
increased  probability  of  finding  a  false-positive  result. 
In  other  words,  the  more  monitors  that  are  used, 
the  more  likely  it  becomes  that  a  false-positive  alarm 
will  occur.  For  example,  if  the  incidence  of  false- 
positive  alarms  with  a  noninvasive  monitor  is  5%, 
then  the  probability  of  getting  a  correct  (true-positive) 
result  is  0.95.  If  two  monitors  with  a  false-positive 
rate  of  5%  are  used,  then  the  probability  of  both 
monitors  giving  a  correct  result  is  0.90  (0.95  x  0.95). 
If  20  monitors  are  used,  the  probability  of  all  monitors 
giving  a  correct  result  is  (0.95)'"  or  0.36  and,  more 
important,  there  will  be  a  64%  probability  of  at  least 
one  monitor  giving  a  false-positive  alarm!  The 
expected  number  of  false-positive  results  in  this  case 
is  one  (20  x  0.05).  Although  these  calculations  may 
be  somewhat  exaggerated  (the  false-positive  rate  may 
be  less  than  5%,  and  the  monitor  results  may  not 
be  completely  independent  of  each  other),  the  point 
remains  that  the  likelihood  of  encountering  a  false- 
positive  result  increases  as  the  number  of  monitors 
used  increases.  This  becomes  confusing  to  those  caring 
for  the  patient,  who  are  faced  with  the  decision  to 
either  treat  the  patient  or  ignore  the  monitor.  This 
has  been  illustrated  in  the  pulmonary  function 
literature  where  it  has  been  shown  that  the  percentage 
of  subjects  with  at  least  one  abnormal  test  increases 
as  the  number  of  tests  increases.'" 

Whether  a  particular  monitor  should  be  used  can 
be  assessed  in  terms  of  risk-benefit  ratio.  There  is 
controversy  regarding  the  potential  benefits  that 
noninvasive  monitoring  provides  vs  the  risks  or  harm 
that  the  patients  are  subjected  to."  ''  On  the  surface, 
it  would  seem  that  a  monitor  like  a  pulse  oximeter 
would  provide  much  benefit  with  little  harm  to  the 
patient.  However,  if  the  monitor  is  ignored  due  to 
nuisance  alarms  and  unreliability,  then  it  provides 
little  benefit  to  the  patient.  With  'monitor  overload,' 
the  clinical  staff  may  ignore  much  of  the  data  provided 
by  the  monitor.  One  of  my  pet  peeves  is  that  we 
monitor  lots  of  things  and  record  reams  of  data  to 
which   no  one  pays  any  attention.  Certainly  this 
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ignored  data  provides  no  benefit  to  the  patient. 
Further,  if  the  monitor  produces  false-positive  or  false- 
negative  results,  this  could  result  in  unnecessary 
therapy  with  unnecessary  risk  to  the  patient.  The  risk- 
benefit  ratio  for  noninvasive  monitoring  is  a  complex 
issue  that  goes  beyond  what  might  be  readily  apparent. 

Although  1  think  that  noninvasive  monitoring  is 
often  very  useful  in  patient  care,  I  also  strongly  believe 
that  monitoring  should  not  be  done  just  because  it 
is  technically  possible.  There  are  virtually  no  data 
to  show  that  the  addition  of  monitoring  (of  any 
variable)  alters  outcome  in  any  way."  The  decision 
to  monitor,  like  any  other  clinical  decision,  .should 
be  based  upon  therapeutic  objectives. 

I  feel  that  there  is  little,  if  any,  role  for  'routine' 
noninvasive  monitoring  in  respiratory  care.  We  need 
to  be  careful  with  respiratory  monitoring  (eg,  pulse 
oximetry)  so  that  we  do  not  fall  into  the  same  trap 
that  we  have  fallen  into  with  ECG  monitoring. 
Because  'routine"  ECG  monitoring  is  useful  in  the 
care  of  critically  ill  cardiac  patients,  we  now  routinely 
monitor  ECG  in  all  critically  ill  patients.  Because 
a  pulse  oximeter  (or  any  other  noninvasive  respiratory 
monitor)  is  useful  in  the  care  of  some  patients  does 
not  justify  its  routine  use  for  all  patients. 


The  Financial  Impact  of  Noninvasive  Monitoring 

In  this  era  of  cost-containment,  the  costs  associated 
with  noninvasive  respiratory  monitoring  must  be 
considered.  In  the  past  10  years,  several  published 
papers  have  addressed  this  issue. '^"''^  The  general 
thrust  of  these  papers  has  been  to  show  that 
noninvasive  monitoring,  such  as  transcutaneous 
oxygen  monitoring  or  pulse  oximetry,  results  in  fewer 
arterial  blood  gas  measurements  and,  thus,  less  cost. 

In  1985,  Peevy  and  Hall'""  reported  an  estimated 
reduction  of  more  than  $100,000  for  health  care 
delivery  over  a  4-year  period  following  the 
introduction  of  transcutaneous  oxygen  monitoring 
into  their  neonatal  intensive  care  unit.  This  reduction 
was  attributed  primarily  to  fewer  arterial  blood  gas 
analyses  (2.13  arterial  blood  gas  analyses/patient-day 
before  transcutaneous  monitoring  and  1.28  arterial 
blood  gas  analyses/patient-day  after  introduction  of 
transcutaneous  monitoring).  Beachy  and  Whitfield  ' 
also  reported  a  reduction  in  arterial  blood  gas  analyses 
as  a  result  of  transcutaneous  oxygen  monitoring,  but 


they  did  not  discuss  any  possible  cost  saving  associated 
with  this. 

King  and  Simon"'  evaluated  the  use  of  pulse 
oximetry  for  tapering  supplemental  oxygen  in 
hospitalized  patients.  Use  of  pulse  oximetry  to  taper 
oxygen  resulted  in  significantly  fewer  arterial  blood 
gas  analyses  as  compared  to  a  control  group  in  which 
oxygen  was  tapered  by  conventional  means  (57  blood 
gas  analyses  in  13  control  patients  vs  16  blood  gas 
analyses  in  16  oximetry  patients).  King  and  Simon 
speculated  that  this  would  result  in  a  cost  savings 
of  about  $18,000/year  in  their  20-bed  pulmonary 
ward  and  $  1 46,000/year  in  the  entire  hospital.  Joseph 
et  al ' '  reported  the  impact  of  pulse  oximetry  on  arterial 
blood  gas  analysis  in  their  emergency  department. 
In  that  study,  pulse  oximetry  resulted  in  a  43% 
reduction  in  the  number  of  arterial  blood  gas  analyses, 
with  an  estimated  decrease  in  laboratory  charges  of 
$95,000/year. 

Bone  and  Balk'^  have  described  an  8-bed 
noninvasive  respiratory  care  unit  at  Rush- 
Presbyterian-St  Luke's  Medical  Center  in  Chicago. 
In  the  title  of  their  paper,  they  refer  to  this  unit  as 
"A  cost  effective  solution  for  the  future."  Although 
their  paper  describes  cost-reducing  features  such  as 
reduced  nurse-patient  ratios,  no  specific  cost  savings 
are  provided.  Krieger  et  al'''  have  also  described  a 
noninvasive  monitoring  unit  for  long-term  ventilator 
patients.  The  principal  respiratory  monitoring 
technique  used  in  their  unit  is  respiratory  inductive 
plethysmography  (RIP).  Placing  long-term  ventilator 
patients  in  that  unit,  rather  than  keeping  them  in 
the  ICU,  resulted  in  an  estimated  cost  reduction  of 
$203.25/patient-day  or  $106,000/year.  However,  it's 
important  to  note  that  this  cost  savings  was  the  result 
of  transferring  patients  out  of  the  ICU  rather  than 
the  result  of  employing  RIP  per  se.  If  RIP  is  not 
necessary  for  a  long-term  ventilator  unit  such  as  this, 
then  the  cost  savings  would  conceivably  be  even 
greater. 

I  tend  to  regard  reports  of  'cost-savings'  due  to 
noninvasive  monitoring  with  some  skepticism.  I 
wonder  if  there  are  'real"  dollars  saved  for  the  health 
care  delivery  system.  As  pointed  out  by  Finkler,"" 
the  use  of  patient-charge  data  instead  of  actual  costs 
can  lead  to  unwarranted  conclusions  about  economic 
savings.  No  long-term  controlled  trials  have  evaluated 
the  cost-effectiveness  of  noninvasive  monitoring.  The 
study   by    King   and    Simon'"    was   a    prospective 
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randomized  study,  but  it  included  only  29  patients. 
Noninvasive  monitoring  by  pulse  oximetry  in  that 
study  did  not  result  in  earlier  discharge  of  patients 
from  the  hospital.  To  my  knowledge,  there  are  no 
data  in  the  literature  to  show  that  noninvasive 
monitoring  decreases  the  length  of  hospitalization  or 
alters  patient  outcome.  Although  less  costly 
noninvasive  monitoring  may  be  substituted  for  more 
costly  invasive  measurements  in  some  cases,  it  has 
not  always  been  established  that  the  invasive 
monitoring  was  indicated  in  the  first  place.  For 
example,  noninvasive  monitoring  of  respiratory 
function  may  be  substituted  for  arterial  blood  gas 
analysis,  but  controlled  clinical  studies  have  not  been 
done  as  of  yet  to  determine  valid  indications  for 
arterial  blood  gas  analysis."'  It  is  faulty  logic  to  claim 
cost  savings  when  one  form  of  unnecessary  monitoring 
is  substituted  for  another  equally  unnecessary 
measurement. 

History  of  Noninvasive  Monitoring: 

Transcutaneous  Blood  Gases, 

Pulse  Oximetry,  and  Capnometry 

Transcutaneous  Blood  Gas  Monitoring 

Gerlach  is  credited  with  being  the  first  to  measure 
O:  transcutaneously  (in  ISSl).*""*'  He  did  this  by 
shellacking  the  shaved  skin  of  horses,  dogs,  and 
humans,  and  then  analyzing  the  gas  bubbles  that 
formed  under  the  shellac.  He  concluded: 

The  experiment  gave  proof  that  indeed,  the  skin  respires, 
or  rather,  that  the  blood  on  its  way  through  the  dense 
capillary  network  in  the  most  superficial  layer  of  the  skin 
respires  and  further  that  cutaneous  respiration  depended 
on  the  quantity  of  blood  streaming  through  the  most 
superficial  skin  capillaries  and  on  its  flow  velocity.  .  .  . 
Therefore,  everything  that  increases  the  amount  of  blood 
within  the  skin  raises  the  cutaneous  respiration. 

It  is  interesting  that  Gerlach  recognized  the  effects 
of  perfusion  on  Ptco^-  Further,  his  quantitative  values 
for  transcutaneous  O:  compare  well  with  those 
measured  by  modern  techniques. 

In  1951,  Baumberger  and  Goodfriend'"  reported 
their  measurement  of  PtcO;  in  humans.  They 
immersed  the  finger  of  a  subject  into  a  phosphate 
buffer  at  45  °C  [318  °K]  and  showed  that  the  Pq. 
of  the  buffer  solution  equilibrated  with  that  of  the 
arterial  blood.  This  technique  was  modified  by  Rooth 


Fig.  1.  The  cell  used  by  Rooth  et  al  to  measure  PtcO- 
(Reprinted,  with  permission,  from  Reference  25.) 

et  al,"  who  in  1957  reported  the  use  of  a  modified 
polarographic  Clark  electrode  to  measure  Ptco^-  Their 
method  used  a  polarographic  cell,  a  finger  tube 
containing  KCl  solution,  and  a  heated  water  bath. 
To  transcutaneously  determine  Pqi,  a  subject's  finger 
was  inserted  into  the  finger  tube  that  was  immersed 
in  a  water  bath  heated  to  45  °C  [318  °K]  (Figs. 
1  &  2).  PtcOi  was  then  determined  by  measuring 


Fig.  2.  Experimental  apparatus  used  by  Rooth  et  al  to 
measure  PfcO  ■  A— water  bath,  B — polarograph,  C— 
recorder,  D — galvanometer  for  measurement  of  the 
temperature  of  the  cell.  (Reprinted,  with  permission,  from 
Reference  25.) 
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the  Pq.  of  the  solution  in  the  finger  tube.  Using  this 
method,  Rooth  el  al  reported  a  mean  P,^(),  of  97 
lorr  [12.9  kPa]  from  23  analyses  in  6  subjects. 

Clinical  Ptco-  monitoring  using  an  electrode 
attached  directly  to  the  skin  was  developed  in  the 
late  1960s  and  early  1970s  by  Much  el  al."'  " 
Although  they  initially  induced  arlerializalion  under 
the  electrode  using  a  nicotinic  acid  derivative,  they 
abandoned  this  approach  and  developed  a  heated 
electrode  (Figs.  3  &  4).  By  the  mid-1970s,  several 
studies  had  shown  good  correlation  between  PgO: 
and  Ptco-  in  hemodynamically  stable  neonates" 


Fig.  3.  Rubber  disk  with  circulating  water,  and  central 
hole  tor  placement  ot  Pq,  electrode,  as  originally  used 
by  Huch  and  Huch.  (Reprinted,  with  permission,  from 
Reference  28.) 


Fig.  4.  Early  heated  PtcQ,  electrode  used  by  Huch  et 
al.  (Reprinted,  with  permission,  from  Reference  30.) 


Fig.  5.  Two  PtcQ,  electrodes  described  by  Severinghaus, 
the  larger  being  constructed  from  a  conventional  blood 
gas  electrode.  (Reprinted,  with  permission,  from 
Reference  36.) 

and  adults."  This  early  work  created  the  illusion  that 
Pao.  and  PtcO:  were  nearly  equal— resulting  in  rapid 
acceptance  of  the  technology  but  causing  considerable 
misunderstanding  of  the  physiology  of  Ptc02 
monitoring.  "" 

PieOi  electrodes  were  developed  in  the  mid-1970s 
by  Beran  et  al,""  Severinghaus  et  al  (Fig.  5),"" 
and  Huch  et  al."  Several  studies  have  reported  their 
clinical  accuracy  and  usefulness.^'"'  As  with  PtcOi 
monitoring,  most  of  the  early  work  with  Ptcco2 
monitoring  was  done  with  neonates,  although  there 
were  reports  of  Ptcco:  monitoring  in  adults.  "  By 
the  early  1980s,  a  combined  Ptco/Picco:  monitor 
had  been  described  in  the  literature.'"'''' 

Oximetry 

The  historical  development  of  oximetry  has  been 
reported  in  detail  elsewhere. ^'^^  I  will  summarize 
some  of  the  more  relevant  aspects  of  this  development. 
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Fig.  6.  Oximeter  used  by  Squire,  in  place  over  the  web 
of  the  hand.  (Reprinted,  with  permission,  from  Reference 
45.) 

Nicolai  is  credited  with  using  a  quantitative 
spectrophotometric  apparatus  to  investigate  light 
transmission  through  human  skin  in  an  effort  to 
evaluate  tissue  O2  consumption  (in  1931).  Kramer, 
an  associate  of  Nicolai's,  is  credited  with  reporting 
the  measurement  of  O;  saturation  in  cuvettes  and 
in  blood  flowing  through  the  unopened  vessels  of 
animals  (in  1934  and  again  in  1935).^*' 

Matthes  is  credited  with  constructing  the  first  device 
to  continuously  measure  the  saturation  of  human 
blood  in  vivo  by  transillumination  of  the  ear  (in  1935). 
Matthes  and  Gross  are  credited  with  reporting  the 


use  of  an  'ear  oxygen  meter'  that  used  red  light  and 
infrared  light  to  compensate  for  changes  in  tissue 
thickness,  blood  content,  light  intensity,  and  other 
variables  (in  1939).''^ 

In  1940,  Squire  reported  use  of  an  oximeter  applied 
to  the  web  of  the  hand  (Fig.  6).'"*  Squire  was  the 
first  to  set  a  zero  calibration  point  by  compressing 
the  tissue  to  squeeze  out  the  blood.  In  1942,  Goldie 
also  described  an  in-vivo  oximeter,  called  the  "anoxia 
meter,"  that  used  mechanical  tissue  compression  to 
set  a  bloodless  zero  (Fig.  7)."'' 

Nicolai,  Kramer,  and  Matthes  were  all  German; 
and  Squire  was  British.  Before  World  War  II,  there 
was  little  interest  within  the  United  States  in  the 
development  of  an  oximeter.  However,  during  the 
Second  World  War  it  became  necessary  to  develop 
an  oximeter  to  evaluate  the  oxygenation  of  high- 
altitude  airplane  pilots.  Millikan  (in  1940-1942)  was 
primarily  responsible  for  the  development  of  a 
lightweight  and  practical  aviation  ear  oxygen  meter, 
for  which  he  coined  the  word  "oximeter."^°~^^ 
Millikan's  oximeter  used  two  wavelengths  of  light, 
produced  by  red  and  green  gelatin  filters  (Figs.  8 
&  9).  He  found  that  the  light  transmitted  through 
the  red  filter  was  02-saturation  sensitive,  and  the  light 
that  passed  through  the  green  filter  was  independent 
of  O:  saturation.  Although  he  originally  thought  that 
the  green  filter  was  important  because  it  was  green, 
Millikan  later  learned  that  the  ear  is  opaque  to  green 
light,  and  that  the  green  filter  and  its  photocell  were 
actually  responding  primarily  to  infrared  light.  Thus, 
the  0:-insensitive  signal  that  stabilized  the  oximeter 
was  infrared  light  and  not  green  light.  When  Millikan's 
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Fig.  7.  Schematic   diagram    of  the 
"anoxia  meter"  described  by  Goldie. 
(Reprinted,   with    permission,   from 
.+  180V.      Reference  49.) 
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Fig.  8.  Mllllkan's  ear  oximeter.  (Reprinted,  with  permis- 
sion, from  Reference  50.) 


oximeter  was  evaluated  on  about  50  subjects,  its 
accuracy  was  found  to  be  in  the  range  of  3-8%  (Fig. 
10). 

The  Millikan  oximeter  was  modified  by  Wood 
and  Geraci  about  1950  by  improving  the  infrared 
filter  and  adding  an  inflatable  balloon.  '  The  inflatable 
balloon  allowed  the  ear  to  be  made  bloodless  for 
a  zero  calibration  setting.  This  oximeter  was 
manufactured  by  the  Waters  Company  and  was  used 
in  physiology,  aviation,  and  other  experimental 
circumstances.'"  Empirical  calibration  curves  were 
developed  based  upon  the  log  ratio  of  red-  and 
infrared-light  absorbances  (Fig.  11). 

Several  interesting  clinical  studies  were  published 
in  1947  and  1951  that  described  the  use  of 
oximetry.^''^^  Comroe  and  Botelho  reported  a  study 
in  which  they  evaluated  the  ability  of  medical  students 
and  physicians  to  detect  cyanosis.'^  Twenty  subjects 
were  desaturated  by  breathing  gas  mixtures  with  low 
O:  concentrations,  and  O;  saturation  was  monitored 
by  use  of  Millikan's  oximeter.  The  ability  of  127 


observers  to  detect  cyanosis  at  various  levels  of 
desaturation  was  noted,  and  it  was  found  that  visual 
impressions  of  cyanosis  were  unreliable.  In  1951, 
Stephen  et  al  reported  their  experience  with  Wood's 
modification  of  the  Millikan  oximeter.  '  They 
reported  an  accuracy  of  +  57c  from  1 00  comparisons 
with  saturations  measured  by  a  van  Slyke  apparatus. 
Several  clinical  examples  of  the  usefulness  of  oximetry 
during  anesthesia  were  provided.  It  is  of  interest  that 
this  work  by  Stephen  et  al  occurred  nearly  40  years 
before  the  widespread  use  of  pulse  oximetry  in  the 
practice  of  anesthesia. 

Shaw,  a  San  Francisco  surgeon,  is  credited  with 
designing  a  self-calibrating,  8-wavelength  ear  oximeter 
(about  1964).''^  This  oximeter  was  marketed  by  the 
Hewlett-Packard  Company  in  the  1970s.  However, 
it  did  not  receive  widespread  clinical  use  due  to  its 


i 


Fig.  9.  Schematic  diagram   of  Millikan's  oximeter. 
(Reprinted,  with  permission,  from  Reference  50.) 
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large  and  somewhat  clumsy  earpiece  and  its  great 
expense. 

The  original  idea  of  using  pulsatile  light  variation 
to  measure  arterial  oxygen  saturation  is  credited  to 


60  70  60  90  too 

Oxygen  Saturation  —  Analyses  of  Arterial  Blood  Samples 

Fig.  10.  Results  of  Millikan's  comparison  of  ear  oximeter 
saturation  to  van  Slyke  analyses  from  arterial  blood 
samples.  The  symbols  represent  data  obtained  from  four 
different  laboratories.  The  solid  line  is  the  line  of  identity. 
(Reprinted,  with  permission,  from  Reference  50.) 


the  Japanese  bioengineer  Aoyagi.'"'  In  the  early  1970s, 
Aoyagi  was  interested  in  developing  an  earpiece  for 
dye  densitometry  that  could  be  used  to  noninvasively 
determine  cardiac  output  by  use  of  cardiogreen  dye. 
Aoyagi  found  that  the  light  transmitted  through  the 
ear  exhibited  pulsatile  variations  that  made  it 
impossible  to  compute  cardiac  output.  To  cancel  these 
pulsatile  variations,  he  electronically  subtracted  the 
pulse  signal  at  900  nm  from  the  dye-sensing  630- 
nm  signal.  However,  this  electronic  cancellation  did 
not  work,  probably  because  of  the  effect  of  oxygen 
saturation  changes.  Fortunately,  Aoyagi  was  also 
interested  in  oximetry  and  was  familiar  with  the  earlier 
work  of  Millikan  and  Wood.  He  recognized  that  he 
might  be  able  to  use  the  pulsatile  changes  in  light 
transmission  through  the  ear  (which  had  spoiled  his 
cardiac  output  work)  to  measure  arterial  O: 
saturation.  He  went  on  to  develop  a  pulse  oximeter 
that  used  filters  at  630  nm  and  900  nm  and  analog 
detection  of  the  pulsatile  optical  signal  ratio  at  these 
wavelengths.  In  1974,  Aoyagi  and  Kishi  filed  a  patent 
application  for  the  device  with  the  Japanese  Patent 
Office. 

About  one  month  after  Aoyagi  applied  for  a  patent 
for  his  oximeter,  it  has  been  reported  that  a  similar 
application  was  filed  by  Konishi,  who  was  employed 
by  the  Minoruta  Camera  Company  (known  in  the 
United  States  as  Minolta);  Konishi's  patent  applica- 
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Fig.  11.  Empirical  calibration  curve 
of  Wood  and  Geraci.  (Reprinted,  with 
permission,  from  Reference  53.) 
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OPTICAL   SECTION 


COMPUTINO  SECTION 


OISPLAV    SECTION 


Fig.  12.  Block  diagram  of  the  finger 
oximeter  described  by  Yostiiya  et  al. 
(Reprinted,  with  permission,  from 
Reference  56.) 


tion  was  rejected  in  Japan,  but  a  patent  for  the  device 
was  obtained  in  the  United  States."*  In  1980,  the 
Japanese  group  of  Yoshiya  et  al  developed  a  finger 
oximeter  ( Fig.  1 2).  and  reported  a  correlation  of  0.983 
and  an  accuracy  of  ±  5*?  for  their  device.^ 

Important  advances  in  pulse  oximetry  were  made 
by  the  Biox  Company  (now  Ohmeda)  in  the  late 
1970s.  In  the  early  1980s,  additional  work  in  pulse 
oximetry  was  done  by  Nellcor,  Ohmeda,  and 
Novametrix.  In  the  mid-1980s,  major  advances  in 
pulse  oximetry  included  a  reduction  in  the  size  and 
cost  of  the  light  sources  (light-emitting  diodes)  and 
detectors  (photodiodes)  and  the  development  of 
multiple  probes. 

Capnometry 

In  1928.  Aitken  and  Clark-Kennedy  described  a 
method  for  plotting  exhaled  CO:  as  a  function  of 
exhaled  tidal  volume  during  exercise."  During 
exhalation,  series  samples  were  collected  into  six  small 
bags,  with  the  final  portion  of  the  exhaled  gas  collected 
into  a  Douglas  bag  (Figs.  13  and  14).  By  analyzing 
the  CO:  concentration  in  each  bag  and  plotting  that 
concentration  as  a  function  of  exhaled  volume,  they 
were  able  to  construct  exhaled  CO:  curves  and 
determine  the  alveolar  CO2  concentration  (Fig.  15). 
Also,  in  1 939,  Roelsen  described  a  fractional  sampling 
technique  to  evaluate  the  alveolar  CO:  percentage'.^** 
In  1952,  a  method  for  fractional  analysis  of  alveolar 
gas  was  described  by  Marshall  et  al.^ 

The  principle  of  capnometry  was  not  developed 
until  1943,  when  Luft  is  reported  to  have  found  that 
CO:  gas  absorbs  infrared  light.''"  In  1952,  DuBois 
et  al*"'  and  Stow*""  described  the  use  of  an  infrared 
gas  analyzer  to  measure  alveolar  CO:.  In  1953, 
Dornhorst  and  Semple  described  the  use  of  an  infrared 
analyzer  coupled  to  a  spirometer  to  evaluate  the 
relationship  between  exhaled  volume  and  exhaled 


Fig.  13.  Apparatus  used  by  Aitken  and  Clark-Kennedy 
to  sample  exhaled  CO;.  (Reprinted,  with  permission,  from 
Reference  57.) 


Fig.  14.  Photograph  of  subject  being  tested  at  the 
apparatus  of  Aitken  and  Clark-Kennedy.  (Reprinted,  with 
permission,  from  Reference  57.) 
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Fig.  15.  Exhaled  CO;  curve  as  depicted  in  a  paper 
published  in  1928  by  Aitken  and  Clark-Kennedy. 
(Reprinted,  with  permission,  from  Reference  57.) 


In  1955,  Collier  et  al  described 

64 


CO:  concentration 

a  sidestream  infrared  CO?  sampling  system  (Fig.  16). 
In  1957,  the  use  of  mass  spectroscopy  to  measure 
exhaled  CO2  was  described  by  Fowler  and  Hugh- 
Jones.''^ 

In  1956,  Crane  et  al  described  the  use  of  end- 
tidal  CO;  monitoring  in  the  management  of  polio 
patients  requiring  negative  pressure  ventilation.''''  In 


1957,  Severinghaus  et  al  observed  an  increase  in  the 
arterial  to  end-tidal  Pco^  difference  [P{a-et)CO:]  'i 
five  anesthetized  patients  who  were  being  mechan- 
ically ventilated:  Petco:  was  measured  using  an 
infrared  analyzer  on  dogs  and  humans,  and  an  increase 
in  P(a  -et)C0i  in  humans  during  anesthesia  and  artificial 
respiration  was  reported.''  In  I960,  Nunn  and  Hill 
reported  P(a-et)coT  in  12  anesthetized  patients:  Petco: 
was  measured  with  an  infrared  analyzer,  and  P(a- 
et)co^  was  found  to  be  -0.4  to  7.7  torr  [-0.05  to 
1.03  kPa]  (mean  4.5  ±  2.5  torr  [0.60  +  0.33  kPa]) 
during  spontaneous  breathing  and  1 .7  to  9. 1  torr  [0.23 
to  1.21  kPa]  (mean  4.7  ±  2.5  torr  [0.63  ±  0.33 
kPa])  during  artificial  ventilation."^  Also  in  1960, 
Stein  and  Colp  reported  good  correlation  between 
Pacoi  and  Petco:  in  normal  persons  and  in  patients 
with  lung  disease.'''' 

In  1959,  Robin  et  al  reported  their  experience  using 
end-tidal  CO:  measurement  in  the  diagnosis  of  acute 
pulmonary  embolism.'"  In  1960,  Julian  et  al  reported 
the  effects  of  pulmonary  artery  occlusion  on  Petco: 
in  dogs:  The  gradient  between  Paco:  and  Petco: 
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Fig.  16.  Infrared  CO:  analyzer 
described  by  Collier  et  al.  (Reprinted, 
with  permission,  from  Reference  64.) 
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Fig.  17.  Expiratory  CO;  curves  described  by  Kelsey  et 
al.  Type  I  represents  a  normal  curve,  and  Type  IV 
represents  an  abnormal  curve.  (Reprinted,  v^^ith  permis- 
sion, from  Reference  73.) 


increased  when  the  pulmonary  artery  was  occluded, 
and  dead-space  ventilation  subsequently  increased.  ' 

In  the  early  1960s,  several  papers  described 
characteristics  of  the  capnogram:  Fowler  and  Read 
described  the  physiology  associated  with  cardiac 
oscillations  seen  on  the  capnogram,  "  Kelsey  et  al 
described  the  shape  of  the  capnogram  in  health  and 
disease  (Fig.  17),  '  and  Berengo  and  Cutillo  described 
a  sophisticated  mathematical  analysis  of  the 
capnogram.^ 

In  1963,  Anderson  described  the  use  of  end- 
expiratory-to-cnd-tidal  Pco^  to  detect  ventilation- 
perfusion  abnormalities.  '  Although,  in  this  paper, 
Anderson  does  not  clearly  describe  how  the  test  was 
done,  it  is  clear  that  an  infrared  analyzer  was  used 
to  measure  Pco-  I"  1966,  Hoffbrand  described  the 
use  of  the  slope  of  the  expiratory  capnogram  to 
evaluate  ventilation-perfusion  inequality  in  patients 
with  chronic  bronchitis.^''  Also  in  1966,  Jones  et  al 


reported  the  use  of  a  mass  spectrometer  to  measure 
Pmo-  during  exercise."  In  1969,  Burton  reviewed 
the  literature  related  to  the  measurement  of  inspired 
and  expired  CO;,  '^  and,  in  1972,  Takki  et  al  reported 
their  experience  with  the  usefulness  of  Petco- 
monitoring  during  anesthesia.  ** 

The  Future  of  Noninvasive  Monitoring 

Noninvasive  monitoring  is  here  to  stay!  Most 
respiratory  care  practitioners  would  agree  that 
noninvasive  monitoring  changed  respiratory  care 
practice  in  the  1980s.  Although  it  is  my  opinion  that 
noninvasive  monitoring  has  been  good  for  respiratory 
care  practice  and  that  patients  have  benefited  from 
its  use,  I  am  concerned  that  there  is  too  little  scientific 
basis  for  the  use  of  this  monitoring.  Most  of  the  support 
for  noninvasive  monitoring  is  anecdotal,  with  little 
scientific  evidence  that  noninvasive  monitoring  has 
affected  patient  outcome. 

It  is  incumbent  upon  the  respiratory  care 
community  to  determine  what  amount  and  type  of 
monitoring  is  appropriate.  Because  of  the  increasing 
financial  pressures  being  placed  on  the  health  care 
delivery  system,  we  must  determine  when  monitoring 
is  necessary  and  cost-effective  and  when  it  is  not. 
The  time  may  come  when  we  will  not  be  able  to 
monitor  every  case  that  we  would  like  to  because 
the  money  to  purchase  the  monitoring  systems  is  not 
available.  Although  noninvasive  monitoring  may 
sometimes  be  less  expensive  than  invasive  monitoring, 
it  takes  little  financial  genius  to  understand  that  no 
monitoring  is  the  least  expensive  of  all.  I  think  that 
controlled  clinical  trials  are  necessary  to  determine 
the  appropriate  role  of  noninvasive  monitoring. 
Unfortunately,  these  trials  may  never  be  done  because 
noninvasive  monitoring  has  become  deeply  imbedded 
in  respiratory  care  practice. 

I  think  that  we  will  see  more  technologic  advances 
made  in  noninvasive  monitoring  in  the  future.  I  think 
that  we  also  will  see  advances  made  in  invasive 
monitoring,  such  as  indwelling  electrode  and  optode 
systems  to  continuously  measure  blood  gases  and 
pH/"-^' 

There  is  no  doubt  that  manufacturers  will  continue 
to  introduce  new  noninvasive  monitors.  Some  of  these 
probably  will  be  very  good,  but  others  will  not.  It 
is  important  that  we  as  practitioners  be  skeptical  of 
these  new  devices.  We  need  to  be  careful  that  we 
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Can  we  do  it? 

YES  NO 


7s  it 
helpful? 


YES 

NO 

Fig.  18.  A  diagram  to  aid  in  tiiinking  about  the  value 
of  a  given  noninvasive  monitor.  Monitors  in  thie  upper 
left-hand  box  are  desirable,  as  are  those  in  the  upper 
right-hand  box  that  might  be  moved  to  the  left.  Monitors 
in  the  lower  left-hand  box  add  risk,  discomfort,  effort, 
or  expense  without  any  clinical  benefit.  In  the  future, 
monitors  not  presently  available  may  be  added  to  the 
lower  left-hand  box  from  the  'bad  idea'  box  at  the  lower 
right.  (Reprinted,  with  permission,  from  Reference  82.) 


do  not  accept  solutions  (ie,  new  monitors)  for  which 
there  is  no  problem  (ie,  no  clinical  application).  Like 
Pierson,  I  believe  that  we  must  balance  technical 
capability  with  clinical  usefulness  (Fig.  18)/" 
Monitoring  that  can  be  done — but  is  not  clinically 
helpful — should  not  be  used. 
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Hess  Discussion 

Kacmarek:  You  briefly  reviewed  the 
financial  impact  of  noninvasive  moni- 
toring, implying  that  there  may  be  no 
data  to  support  the  cost-effective  use 
of  such  monitoring.  Are  there  studies 
that  have  attempted  to  look  at  nonin- 
vasive monitoring  from  a  cost  perspec- 
tive, and,  if  so,  what  are  the  results 
of  those  studies? 

Hess:  There  are  some.  A  few  papers 
have  looked  at  transcutaneous  moni- 
toring; some  papers  in  the  pediatric 
hterature,'  ■  for  example,  have  shown 
that  with  transcutaneous  monitoring 
less  blood  gas  analysis  was  done  than 
without  transcutaneous  monitoring. 
Perhaps  Richard  Martin  or  Rob 
Chatburn  can  help  us  with  this.  I'm 
not  sure  that  it  has  been  shown  that 
money  has  been  saved  as  a  result.  A 
few  papers  have  looked  at  pulse 
oximetry.  A  paper  in  Chest  a  few  years 
ago  looked  at  a  few  patients — fewer 
than  30  I  believe.  That  study  showed 


that  less  blood  gas  analysis  was  needed 
when  pulse  oximetry  was  used  to  titrate 
oxygen;  however,  it  came  out  of  a  sin- 
gle respiratory  unit  in  a  single  hospital. 
I  don't  think  anybody  has  published 
anything  that  has  looked  at  costs  either 
hospitalwide  or  from  a  larger  group. 
Bruce  Krieger's  group  has  looked  at 
respiratory  inductive  plethysmography 
(RIP);  Bruce,  1  think  you  suggested  in 
one  of  your  papers^  that  it  may  be  more 
cost-effective  to  move  patients  out  of 
the  ICU  into  a  stepdown  unit  where 
RIP  is  used  to  noninvasively  monitor 
respiratory  function.  The  only  thing  I 
would  say  in  that  regard  is  that  we 
move  mechanically  ventilated  patients 
out  of  the  ICU  into  a  stepdown  unit, 
but  we  don't  use  RIP.  So  I  would  argue 
that  our  method  might  be  even  more 
cost-effective. 

1.  Peevy  KJ.  Hall  MW.  Transcutaneous 
oxygen  monitonng:  Economic  input  on 
neonatal  care.  Pediatrics  1985;75:I065- 
1067. 


2.  Beachy  P,  Whitfield  JM.  The  effect 
of  transcutaneous  Pq,  monitoring  on 
the  frequency  of  arterial  blood  gas 
analysis  in  the  newborn  with  respira- 
tory distress.  Crit  Care  Med  1981; 
9:585-586. 

3.  King  K,  Simon  RH.  Pulse  oximetry 
for  tapering  supplemental  oxygen  in 
the  hospitalized  patient.  Chest  1987; 
92:713-716. 

4.  Krieger  BP,  Ershowsky  P,  Spivak  D, 
Thorstenson  J,  Sackner  MA.  Initial 
experience  with  a  central  respiratory 
monitoring  unit  as  a  cost-saving  alter- 
native to  the  intensive  care  unit  for 
Medicare  patients  who  require  long- 
term  ventilator  support.  Chest  1988; 
93:395-397. 

Kacmarek:  I'd  like  to  make  a  comment 
from  my  own  clinical  observation, 
which  of  course  is  not  scientifically 
based  as  usual. 

Hess:  We're  used  to  that  Bob! 
Kacmarek:  It's  been  my  perception 
that  oximetry  in  particular,  in  many 
cases,  increases  the   frequency   with 
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which  hlood  gases  arc  drawn  because 
of  the  iransieni  periods  ol  desaturalion 
that  you  would  not  notice  if  you  didn't 
have  the  oximeter  on.  Now.  because 
the  oximeter  is  on  and  the  desaturation 
is  noted  or  because  we  doubt  that  the 
oximeter  is  providing  good  data  (ie, 
we  beheve  that  the  saturation  should 
be  something  different  from  what  is 
displayed)  arterial  hlood  is  analyzed. 
Hess:  Your  ponit  is  well  taken.  We've 
seen  the  same  thing.  I've  seen  numerous 
cases  in  which  someone  at  the  bedside 
has  drawn  a  blood  sample  because  we 
did  not  believe  what  the  monitor  was 
saying. 

Welch:  1  have  a  couple  of  comments 
from  an  engineering  perspective. 
Number  one.  I  believe  that  drawing 
a  blood  gas  because  of  a  transient 
change  in  the  pulse  oximetry  reading 
is  a  reasonable  thing  to  do.  I  can't  smell 
oxygen  and  1  can't  see  oxygen;  so  if 
I  have  a  device  (eg,  an  oximeter)  that 
can  keep  a  surveillance  on  the  patient, 
I  think  it  is  reasonable  to  use  the  device 
when  there  is  even  a  slight  possibility 
of  desaturation.  In  the  anesthesia  set- 
ting, the  drawing  of  blood  gases  trans- 
iently increases  with  the  introduction 
of  pulse  oximetry.  Our  experience  at 
Massachusetts  General  Hospital  is  that 
it  has  leveled  off,  and  the  increase  in 
the  number  of  blood  gas  analyses  in 
our  'stat'  lab  has  leveled  off  since 
introduction  of  pulse  oximetry. 
Whether  there  is  a  cause  and  effect 
relationship  remains  to  be  seen. 
Hess:  I  think  some  people  would  argue 
that  pulse  oximetry  monitoring  is  use- 
ful, not  necessarily  because  it  decreases 
the  number  of  blood  gases  drawn  but 
because  it  gives  you  some  idea  about 
what's  happening  between  measure- 
ments or  it  alerts  you  to  the  need  for 
blood  gas  analysis.  So,  your  point's  well 
taken. 

Welch:  At  the  beginning  of  your  talk 
you  gave  some  reasons  for  the  current 
interest  in  monitoring — avoid  invasive 
procedures,  get  real-time  information, 
and  marketing — but  I  think  there  is 
another  component,  and   it's  called 


regulation.  A  number  of  groups  are 
promulgating  standards  that  imply  that 
there  is  a  standard  of  care  to  be  met 
when  using  noninvasive  monitoring. 
For  example,  it  is  very  difficult  to 
practice  anesthesia  today  without  using 
pulse  oximetry  for  every  patient  that 
you  anesthetize.  And  I  believe  that  kind 
of  regulation  is  going  to  creep  into  the 
intensive  care  and  oxygen  therapy 
settings. 

Hess:  It  will  be  a  sad  day  for  critical 
care  medicine  when  we  have  to  do 
that  kind  of  routine  monitoring  in  the 
ICU  due  to  regulation — that's  my  own 
opinion. 

Kacmarek:  Are  there  any  data,  Jim, 
that  really  show  that  the  frequency  of 
anoxic  events  in  the  O.R.  has  been  in 
any  way  affected  by  the  mandating  of 
oximetry? 

Welch:  Actually  there  have  been!  Very 
early  in  the  introduction  of  pulse  ox- 
imetry, a  study  was  done  by  Cote  et 
al'  and  published.  I  believe,  in  1988. 
He  did  a  blinded  study  in  a  pediatric 
setting  (and  I  agree  that  that  may  enter 
a  bia.s  here)  of  1 52  patients.  In  that  study, 
the  anesthesiologist  was  blinded  to  the 
oximeter  readings  for  half  the  patients 
and  allowed  to  see  the  readings  for  the 
other  half.  There  were  35  episodes  of 
desaturation.  The  incidence  of  episodes 
of  desaturation  (as  defined  by  a  pulse- 
oximeter  reading  of  ^  85  %  for  ^  30  s) 
was  3iO%  in  those  patients  whose  pulse 
oximeter  reading  was  unknown  to  the 
anesthesiologist.  There  was  a  14% 
incidence  of  desaturation  according  to 
the  same  definitions  for  those  patients 
for  whom  the  anesthesiologist  was 
allowed  to  monitor  pulse  oximetry- - 
to  suggest  that  monitoring  pulse 
oximetry  decrea.ses  the  incidence  of 
episodes  of  desaturation. 

I.  Cote  CJ,  Goldstein  EA,  Cote  MA, 
Hoaglin  DC,  Ryan  JF.  A  single-blind 
study  of  pulse  oximetry  in  children. 
Anesthesiology  1988;68:184-188. 

Hess:  To  follow  up  on  Bob's  question. 
Does  it  make  any  difference  in  out- 
come? Does  it  make  any  difference  to 
have  that  information?  You  can  show 


a  greater  incidence  of  desaturation,  but 
does  it  make  any  difference  in  patient 
outcome  to  have  that  information? 
Welch:  That's  questionable,  I'm  sure. 
Martin:  1  have  a  couple  of  quick  re- 
sponses. In  many  European  countries, 
transcutaneous  monitoring  in  pediat- 
rics really  has  reduced  the  incidence 
of  arterial  blood  gas  sampling,  but  that 
has  not  been  the  experience  in  the  U.S. 
I  have  no  good  explanation  for  that, 
except  that  the  number  of  very  small 
premature  babies  is  much  higher  on 
this  side  of  the  Atlantic  than  in  Europe. 
In  terms  of  ultimate  outcome,  I  think 
it  is  a  very  complex  issue.  As  I  will 
discuss  in  my  presentation — there  are 
instances  in  which  transcutaneous  Pq, 
(PtcO:)  monitoring  has  reduced  the  in- 
cidence of  hypoxemic  and  hyperox- 
emic  events.  Does  that  translate  into 
differences  in  long-term  outcome?  The 
answer  is  unknown.  Investigators  at  the 
University  of  Miami'  have  done  a  large 
study  in  which  they  tried  to  look  at 
the  impact  of  Pt^o^  monitoring  on  the 
incidence  of  retinopathy  of  prematur- 
ity, and  they  have  shown  little  if  any 
effect.  This  was  a  study  that  was  funded 
by  the  NIH,  was  terribly  complex,  and 
had  a  negative  result.  Unfortunately, 
there  is  very  limited  funding  for  studies 
that  look  at  the  effect  of  interventions 
on  long-term  outcome.  If  such  funds 
are  not  going  to  come  from  govern- 
ment sources,  they  are  going  to  have 
to  come  from  manufacturers  who  may 
also  be  reluctant  to  fund  such  complex 
studies.  I'm  a  little  pessimistic  about 
being  able  to  answer  the  question  of 
whether  noninvasive  monitoring 
impacts  on  long-term  outcome. 

1.  Bancaiari  E,  Flynn  J,  Goldberg  RN, 
et  ai.  Influence  of  transcutaneous  oxy- 
gen monitoring  on  the  incidence  of 
retinopathy  of  prematurity.  Pediatrics 
1987;79:663-669. 

Hess:  It  is  very  difficult  to  evaluate, 
and  it  is  very  expensive.  I  also  don't 
know  where  the  money  is  going  to 
come  from. 
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Maclntyre:  Just  to  follow  up  on  the 
idea  of  doing  clinical  trials,  I  think  it's 
always  useful  to  recognize  the  statistics 
involved  here.  When  you  talk  about 
outcome  studies  in  complex  ICU 
patients,  you're  talking  about  huge 
studies.  For  example,  we've  looked  at 
weaning  outcomes  in  our  own  insti- 
tution. Over  a  6-month  period  of  time, 
81  patients  needed  ventilatory  support 
for  more  than  72  hours.  In  those 
successfully  weaned,  the  mean  (SD) 
of  the  ventilator  deviations  was  10.4 
(8.3)  days.  With  that  kind  of  a  rela- 
tionship between  the  standard  devia- 
tion and  the  mean,  you  will  find  that 
to  evaluate  a  procedure  that  might 
cause  a  10%  change  in  outcome  will 
require  hundreds  of  patients  in  each 
study  group.  That  kind  of  study 
becomes  so  logistically  difficult  to  do 
that  it's  just  not  going  to  be  done.  The 
variability  is  so  huge  that  something 
that  might  make  an  important  differ- 
ence (ie,  10%  might  be  a  clinically 
important  difference)  is  just  almost 
impossible  to  detect  without  a  study 
that  involves  hundreds  or  even  thou- 
sands of  patients. 

Hess:  The  study  may  never  be  done, 
but  then  I  think  we  must  remember 
that  we  are  continuing  on  without  it. 
Maclntyre:  My  point  is  that  it's  overly 
simplistic  to  assess  new  technology 
only  by  outcome  studies  because  I 
think  they  are  impossible  to  do  prop- 
erly. In  fact,  poorly  designed  outcome 
studies  (usually  because  of  inadequate 
sample  size)  can  lead  to  a  false-negative 
evaluation  of  a  truly  useful  device. 
Studies  with  more  manageable  sample 
sizes  and  more  focused  endpoints 
therefore  have  to  be  done,  and  from 
these  we  are  going  to  have  to  make 
judgments  as  to  whether  a  monitor  is 
useful.  If  outcome  is  the  only  criterion 
you're  willing  to  use,  you'll  never 
introduce  anything! 

1.  Young  MJ,  Bresnitz  ED,  Strom  BL. 
Sample  size  nomograms  for  inter- 
preting negative  clinical  studies.  Ann 
Intern  Med  1983;99;248-251. 


Durbin:  One  of  the  important  things 
a  monitor  does  is  help  the  monitor  user. 
Some  of  the  differences  in  the  studies 
that  you've  mentioned  may  be  related 
to  how  people  use  the  data  and  whether 
the  monitor  is  part  of  their  clinical 
practice.  That  may  be  the  difference 
across  the  country  and  across  the 
ocean.  I  think  the  questions  will  be 
answered.  Are  the  monitors  useful? 
Yes — because  those  who  use  them  find 
them  useful.  I  think  that's  the  way 
you're  going  to  answer  that  question. 
Monitors  that  you  didn't  mention  have 
come  and  gone  because  they  weren't 
useful.  One  of  the  reasons  a  monitor 
may  not  be  useful  is  because  it  doesn't 
provide  new  or  interesting  information 
or  it  provides  information  that's  false. 
You  started  talking  about  false  posi- 
tives in  monitors,  and  I  think  that's 
a  real  key  issue.  If  false-positive  alarms 
go  off,  that  monitor  will  not  be  very 
helpful  to  the  clinician  managing  that 
patient.  And  I  think  as  we  talk  about 
other  things  besides  oximetry,  which 
is  obviously  of  a  lot  of  interest,  the 
false-positive  question  (or  issue) 
becomes  very  significant. 

Another  thing  is — to  complement 
Neil  Maclntyre's  comments — patient 
outcome  is  often  determined  by  the 
patient  and  not  by  the  monitor.  Some 
people  have  said  that  monitors 
contribute  nothing  to  patient  care 
except  risk,  and  I  think  that  that's  true. 
They  don't  contribute  anything  to  the 
patient's  disease  process;  all  they  do 
is  allow  the  extensions  of  one's  senses, 
perhaps.  And,  if  we  already  can  see 
it,  then  we  don't  need  a  monitor  to 
show  it  to  us.  If  we  can't  see  it,  which 
may  be  the  case  with  pulse  oximetry, 
then  we  probably  do  need  a  monitor 
to  show  us.  And  I  think  the  environ- 
ment in  which  one  chooses  to  test  the 
effectiveness  of  a  monitor  will  deter- 
mine to  a  large  extent  whether  it  is 
found  to  he  useful. 

Giordano:  I'd  like  to  ask  for  comment 
on  the  use  of  noninvasive  monitoring 
within  the  context  of  our  changing  care 
settings.  There's  a  lot  of  interest  in  using 


noninvasive  monitoring  devices  in  the 
home.  I  feel  that  the  devices  currently 
on  the  market  were  designed  to  be  used 
by  professional  health  care  providers, 
yet  we  see  now  that  pulse  oximeters 
are  being  dropped  off  at  a  patient's 
house — with  great  expectations  held 
for  them.  How  do  you  all  feel  about 
that  happenstance? — I  think  that's 
going  to  enter  into  the  future  discussion 
also.  Another  thing  I'd  like  to  add  is 
that  we  have  not  commented  on  the 
use — or  certainly  the  overuse — of 
noninvasive  monitoring  and  its  rela- 
tionship to  risk  management  in  hospi- 
tals. Community  standards  drive  what 
the  person  next  door  does.  If  you 
overmonitor  a  patient,  then  I  must  do 
so  also  in  my  institution  to  be  able 
to  defend  myself  in  court.  And  that's 
why  we  need  professional  practice 
standards.  If  you  look  at  some  of  the 
standards-setting  organizations  and 
you  examine  who  participates  in 
review  and  recommendation  of  those 
standards,  you  will  see  an  over- 
whelming number  of  manufacturers. 
The  outside  regulatory  process  is  driven 
by  manufacturers,  so  I  guess  it's  no 
surprise  that  the  'regs'  are  heavily 
dependent  on  equipment. 
Hess:  Regarding  the  issue  of  use  of 
these  monitors  in  the  home,  I  would 
defer  to  Bob  Kacmarek's  presentation 
to  come  later  in  the  conference.  I  think 
we  do  need  to  be  careful  that  we  do 
not  try  to  transfer  our  experience  from 
anesthesia  to  critical  care,  to  ambula- 
tory care,  to  the  home.  I  think  we  will 
get  into  a  lot  of  difficulty  if  we  do 
that — the  settings  are  quite  different 
and  the  way  that  a  monitor  performs 
in  the  O.R.  may  be  quite  different  from 
how  it  performs  in  critical  care;  and, 
the  way  it  performs  in  neonatal 
intensive  care  may  be  different  from 
how  it  performs  in  adult  critical  care. 
Krieger:  Concerning  use  of  monitors 
outside  the  original  area  for  which  they 
were  developed — you  talked  about 
false  positives,  but  I'm  often  more 
concerned  about  false  negatives, 
especially  if  these  monitors  are  going 
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to  be  used  by  personnel  who  are  not 
attuned  to  what  they're  looking  at. 
With  a  false  positive  you  may  have 
an  alarm  going  off,  but  nothing's 
happening  to  the  patient.  With  a  false 
negative,  an  alarm  doesn't  go  off  and 
the  patient  suffers. 

Hess:  That's  right — I  addressed  the 
issue  of  false  positives,  but  false 
negatives  are  of  equal  concern;  in  my 
mind  they're  kind  of  flip  sides  of  the 
same  issue.  Either  way,  the  clinician 
is  provided  with  wrong  information. 
Pierson:    My    comment    flows    very 


naturally  from  Sam  Giordano's  first 
point  and  your  response  to  him—  the 
setting  in  which  the  monitoring  takes 
place.  It's  clear  to  me  from  just  these 
few  minutes  of  discussion  that  we're 
going  to  have  to  be  careful  that  we 
specify  what  we're  talking  about.  In 
my  view,  in  respiratory  care,  moni- 
toring can  take  place  in  five  settings, 
generally  speaking:  in  the  operating 
room;  in  the  ICU;  elsewhere  in  the 
hospital;  during  either  in-  or  outpatient 
procedures  (such  as  bronchoscopies)  at 
which  there  may  be  a  higher  risk  for 


events;  and,  finally,  in  the  home  setting. 
And,  1  think  it  would  be  helpful  to 
keep  these  settings  in  mind  as  we 
consider  what  I  think  was  the  most 
challenging  statement  you  made  in 
your  presentation,  "There  is  no  place 
for  routine  monitoring  in  respiratory 
care."  1  hope  we'll  get  back  to  that 
later  because  if  anything  approaching 
consensus  could  come  out  of  this  con- 
ference with  respect  to  that  concept, 
I  think  it  would  have  enormous  impact 
in  this  field. 
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What  Makes  Noninvasive  Monitoring  Tick?: 
A  Review  of  Basic  Engineering  Principles 


Thomas  D  East  PhD 


Introduction 

A  wide  variety  of  noninvasive  devices  are  available 
for  monitoring  in  respiratory  care  and  may  be 
classified  into  categories  based  on  what  is  being 
measured — flow  and  volume,  pressure,  gas  compo- 
sition, gas  exchange,  and  hemodynamics.  I  will  discuss 
the  fundamental  engineering  principles  involved  in 
the  monitors  and  the  general  issues  involved  in 
digitizing,  storing,  and  displaying  data  in 
microprocessor-based  devices. 

Flow  and  Volume  Measurements 

Resistive-Element  Flow-Measuring  Devices 

Many  flow  measurement  devices  are  resistive 
elements  that  cause  a  pressure  drop  that  is 
proportional  to  the  flow  (V)  through  them  (AP  = 
R  •  V).'  Figure  I  (A  &  B)  illustrates  two  typical 
examples:  a  fine  mesh  screen  perpendicular  to  the 
flow'  and  a  bundle  of  capillary  tubes  placed  parallel 
to  the  flow.'  These  devices  produce  pressure  drops 
that  vary  nearly  linearly  with  flow.  The  resistance 
(R)  offered  is  proportional  to  the  viscosity  of  the 
gas  being  measured;  therefore,  these  devices  need  to 
be  calibrated,   or  compensated,   for  different  gas 
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viscosities.  Figure  IC  shows  the  disposable  variable- 
orifice  device''  used  in  the  Veolar  ventilator.*  This 
device  has  a  resistance  that  changes  with  flow.  It 
has  a  non-linear  but  highly  reproducible  pressure- 
flow  relationship  (AP  =  ki  •  V"  +  k:  •  V  +  ks).  The 
flow  transducer  used  in  the  Siemens  900C  (Fig.  ID) 
is  similar  to  the  mesh-screen  device  shown  in  Figure 
I  A,  but  incorporates  in  parallel  a  smaller  channel 
with  a  small  vane  mounted  on  a  strain  gauge.  As 
flow  increases,  more  flow  is  shunted  through  this 
parallel  branch — twisting  the  vane  more  and 
producing  a  larger  signal.  The  signal  produced  is  linear 
with  respect  to  flow. 

The  devices  pictured  in  Figures  lA-IC  require  an 
accurate  differential  pressure  transducer  to  measure 
the  pressure  drop  across  them.  The  majority  of  these 
differential  pressure  measurement  devices  are  strain 
gauges  mounted  on  a  diaphragm.  (The  later  section 
on  pressure  monitoring  provides  more  detail.) 

Rotating- Vane  Flow-Measuring  Devices 

The  Wright  Respirometer  is  an  example  of  a 
rotating-vane,  or  turbine,  flow-measuring  device.  The 
flow  of  gas  through  the  device  makes  the  turbine 
turn  at  a  specific  rate  dependent  on  the  flow  level.''''* 
The  movement  of  the  turbine  can  be  mechanically 
linked  to  a  needle  to  display  volume.  Movement  can 
also  be  sensed  electronically  using  a  light  beam.  Each 
interruption  of  the  light  beam  generates  an  electronic 
pulse  that  can  be  counted.  The  number  of  pulses 
per  second  is  proportional  to  flow.  However,  the 
inertance  of  the  turbine  makes  this  device  inaccurate 
for  the  measurement  of  sequential  bidirectional  flows. 


♦Suppliers  are  identified  in  the  Product  Sources  section  at  the 
end  of  the  text. 
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Metal  Disc  on  Strain  Gauge 
Side  View 


Fig.  1.  Reslstive-type  flow  transducers:  A— screen-type 
flow  transducer,  B— capillary,  or  small-channel,  flow 
transducer,  C — variable-orifice  flow  transducer,  and  D — 
flow  transducer  used  in  the  Siemens  900C  ventilator. 


Thermal-Element  Flow-Measuring  Devices 

Thermal  flowmeters  use  sensors  such  as  thermistors 
and  metal  wires  that  change  electrical  resistance  as 
temperature  changes.' ''"'  '"  When  such  devices  are 
used  in  a  self-heating  mode  with  a  feedback  circuit 
such  as  is  seen  in  Figure  2.  the  amount  of  power 


Fig.  2.  Diagram  of  a  thermal  flow  transducer. 

(W)  necessary  to  maintain  the  sensor  at  a  specified 
temperature  above  ambient  temperature  (AT)  is 
related  to  the  velocity  (u)  of  the  gas  by  the  equation: 

-^  =  a  +  b  log  II. 

The  signal  obtained  from  this  circuit  must  be 
linearized.  Devices  that  use  only  one  sensor  will  not 
be  sensitive  to  the  direction  of  flow  and  consequently 
will  not  be  adequate  for  measuring  bidirectional  flow. 

Ultrasonic  Flow-Measuring  Devices 

Ultrasonic  flow-measuring  devices  employ  transit- 
time  or  vortex-shedding  measuring  elements.  The 
transit-time  flowmeter  (Fig.  3 A)  uses  an  ultrasonic 
transmitter  and  a  receiver  mounted  at  oblique  angles 
with  respect  to  the  direction  of  flow.' ""  The  time 
it  takes  the  ultrasound  pulse  to  travel  from  the 
transmitter  to  the  receiver  is  related  to  the  flow, 
temperature,  and  composition  of  the  gas.  The 
upstream  and  downstream  transit  times  (t^,  tj)  are: 


t.i 


and     t(j 


-  D  •  cos/3  "     c  +  I'  •  cos/3 

where  c  is  the  velocity  of  sound  in  the  gas  and  j8 
is  the  angle  between  the  transducer  and  the  flow  axis. 
If  V  is  much  greater  than  c,  then  tj  v  tu  is  directly 
proportional  to  v/c'.  t^  v  lu  is  determined  either  by 
directly  measuring  the  transit  times  or  by  measuring 
the  phase  shift  between  the  transmitted  and  received 
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Ultrasound  Transd 


Ultrasound  Transducer 


Ultrasound  Transmitter 
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VORTICES 


3B 


Ultrasound  Receiver 


Fig.  3.  Ultrasonic  flow  transducers:  A— transit-time 
ultrasonic  flow  transducer  and  B — vortex-sfiedding 
ultrasonic  flow  transducer. 

waveforms.  Most  of  these  devices  are  still  in  the 
developmental  stage. 

The  vortex-shedding  flowmeters  (Fig.  3B),  such 
as  the  Bourns  LS-75,  have  a  strut  in  the  airway  that 
generates  whirlpools  of  gas  (vortices)."'  The  principle 
has  been  known  for  many  years.  Strouhal  showed, 
in  1878,'^  that  the  frequency  at  which  vortices  are 
shed  is  related  to  the  flow  of  the  gas  by  the  strut. 
The  ultrasound  transmitter  and  receiver  are  placed 
perpendicular  to  the  flow  over  the  area  with  the 
vortices."  The  received  signal  is  modulated  by  the 
vortices,  with  the  frequency  of  the  modulations  related 
to  the  flow.  The  measurement  is  independent  of  gas 
density,  viscosity,  temperature,  pressure,  and 
conductivity.  The  design  of  the  strut  and  surrounding 
tube  and  the  humidity  of  the  gas  stream  are  the 
primary  factors  that  affect  calibration.  Vortex- 
shedding  flowmeters  are  purely  unidirectional. 

Plethy.smographic  Volume-Measuring  Devices 

Body  plethysmography  utilizes  Boyles  law  (PiVi 
-   P2V2),   an   extension   of  the  general   gas   law 


[PV  =  nRT,  where  P  is  pressure,  V  is  volume,  R 
is  the  universal  gas  constant  8.31  J/(mole-K),  and 
n  is  the  number  of  moles]  to  measure  volume  and 
changes  in  volume  at  constant  temperature.  Although 
this  technique  is  useful  for  pulmonary  function  testing 
in  ambulatory  subjects,  it  cannot  be  applied  to 
mechanically  ventilated  patients. 

In  1977,  Cohn  et  al'*  introduced  the  inductance 
plethysmograph,  a  device  that  accurately  measures 
ventilation  without  interfering  with  the  act  of 
breathing.  Respiratory  inductance  plethysmography 
(RIP)  is  a  technique  that  uses  two  inductance 
transducers  on  the  chest  and  abdomen  to  measure 
volume  changes  during  breathing.  "*  ""  The  RIP  allows 
noninvasive  measurement  of  tidal  volume  (Vx), 
breathing  frequency  (0,  minute  volume  (Vg),  mean 
inspiratory  flow  (Vj),  and  inspiratory  (Tj)  and 
expiratory  (Te)  time.  A  block  diagram  of  the  RIP 
is  shown  in  Figure  4A.  ~"  The  transducers,  zigzag 
coils  of  wire  attached  to  an  elastic  band,  are  connected 
to  a  small  oscillator  module  that  is  positioned  on 
the  elastic  strip.  The  oscillators  run  at  a  frequency 
of  approximately  300  kHz  and  produce  frequency 
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Fig.  4.  Respiratory  inductance  plethysmography:  A — a 
functional  diagram  of  the  respiratory  inductance 
plethysmograph  and  B— the  physical  model  used  to 
calculate  flow  and  volume. 
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modulated  signals  of  about  20  kHz.  The  frequency 
of  the  oscillations  is  varied  by  changes  in  the 
inductance  of  the  coils,  with  inductance  changes 
proportional  to  the  cross-sectional  area.  The  cross- 
sectional  area  represents  the  thoracic  volume  under 
the  elastic  band.  As  the  thoracic  volume  changes 
during  respiration,  the  frequency  of  oscillations  varies. 
All  of  these  signals  are  of  low  amplitude  and  are 
not  radiated  from  the  transducers  or  the  wiring.  The 
oscillators  are  connected  to  a  demodulator-calibrator 
device  with  a  wire  approximately  5  to  10  meters 
in  length.  The  signal  is  isolated  with  an  optocoupler 
that  provides  2500  volts  of  isolation  between  the 
oscillator  module  and  the  subject.  The  outputs  of 
the  optocouplers  are  sent  to  phase-locked  loops  that 
demodulate  the  signals  from  the  oscillators  and 
produce  an  electrical  signal  that  is  linearly  related 
to  the  thoracic  volume  under  the  band.  These  signals 
are  then  fed  through  bandpass  filters  for  an  alternating- 
current-coupled  option.  Positioning  of  the  coils  is 
important.  The  rib-cage  coil  (RC)  should  be  worn 
over  the  sternum  and  as  close  to  the  armpits  as 
possible.  The  abdominal  coil  (ABD)  should  be  placed 
in  the  midsection  between  the  lower  ribs  and  the 
top  of  the  hips.  When  the  RIP  is  used  on  human 
subjects,  the  model  shown  in  Figure  4B  is  used.  The 
upper  cylinder  represents  RC  cross-sectional  area  and 
the  lower  cylinder  the  ABD  cross-sectional  area.  With 
this  model,  the  relationship  between  volume  and  flow 
and  the  RC  and  ABD  signals  is: 

V(t)  =  a  ■  RC(t)  +  P  ■  ABD(t), 

and 


V(t)  =  a 


d[RC(t)] 
dt 


d[ABD(t)] 
dt 


where  a  and  (i  are  the  calibration  coefficients,  RC(t) 
is  the  rib-cage  signal  from  the  RIP,  and  ABD(t)  is 
the  abdomen  signal  from  the  RIP. 

A  number  of  calibration  techniques  have  been 
proposed,  falling  into  one  of  two  classes:  volume  or 
flow.  In  the  volume  techniques,  the  subject  rebreathes 
a  fixed  volume  measured  by  aspirometer  during 
inspiration  and  expiration  or  the  subject  performs  an 
isovolume  maneuver  with  the  airway  blocked,  during 
which  volume  is  shifted  between  RC  and  ABD 
compartments.  These  volumes  are  related  to  RC  and 
ABD  by  solution  of  simultaneous  equations."'"*''' 
The  flow  techniques  involve  simultaneous  measure- 
ment of  flow  with  a  pneumotachograph  during  quiet 


breathing  and  the  derivatives  of  RC  and  ABD.  The 
coefficienLs  a  and  (i  are  calculated  using  multilinear 
regression''  "  or  orthogonal  multilinear  regression. ''^ 
The  device  can  be  calibrated  with  the  subject  in  one 
position  (standing,  sitting,  or  supine)""'  or  a 
combination  of  positions."'  '"* 

Pressure  Measurements 

Liquid-Column  Pressure-Measuring  Devices 

The  simplest  device  for  measuring  airway  pressure 
is  a  U-shaped  tube  containing  water,  mercury,  or 
some  other  liquid.  As  the  unknown  pressure  on  one 
leg  of  the  U  becomes  greater  than  the  pressure  on 
the  other  (typically  atmospheric  pressure),  the  liquid 
shifts,  and  a  difference  develops  between  the  level 
of  the  liquid  in  the  two  legs  of  the  U.  The  difference 
in  the  level  is  proportional  to  the  pressure  applied. 
This  simple  device  is  most  suited  for  measurement 
of  constant  or  slowly  changing  pressures  and  does 
not  work  well  when  dynamic  pressures  need  to  be 
measured. 

Strain-Gauge  Pressure-Measuring  Devices 

Many  pressure  monitors  rely  on  strain-gauge 
technology.  If  one  stretches  a  fine  wire  (diameter  of 
about  25  mm),  the  electrical  resistance  of  the  wire 
changes  because  of  changes  in  the  wire's  length, 
diameter,  and  resistivity."^  The  materials  from  which 
strain  gauges  are  made  include  nickel,  copper, 
chromium,  platinum,  silicon,  and  germanium,  or 
combinations  of  them.  The  fine  wires  of  the  strain 
gauge  are  arranged  in  a  pattern  on  the  surface  to 
be  stressed  (Fig.  5A).  For  measuring  airway  pressure, 
the  strain  gauge  is  placed  on  a  diaphragm,  one  side 
of  which  is  open  to  the  atmosphere  with  the  other 
side  connected  to  the  airway.  As  pressure  in  the  airway 
increases,  the  shape  of  the  diaphragm  changes,  which 
strains  the  wires  in  the  strain  gauge.  In  order  to  sense 
the  change  in  resistance,  the  strain  gauge  is  usually 
placed  in  a  Wheatstone  bridge  circuit  (Fig.  5B)."^ 
This  circuit  is  very  sensitive  to  changes  in  resistance 
and  also  compensates  for  changes  in  temperature.  The 
change  in  the  output  that  occurs  when  the  Wheatstone 
bridge  becomes  unbalanced  is  proportional  to  the 
change  in  resistance,  which  is  in  turn  proportional 
to  the  pressure  applied. 
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Fig.  5.  Strain-gauge  pressure  transducers:  A — diagram 
of  a  strain-gauge  pressure  transducer  and  B— Wheat- 
stone  bridge  used  to  measure  the  resistance  of  the  strain 
gauge. 

Piezoelectric  Pressure-Measuring  Devices 

Some  of  the  new  disposable  pressure  transducers 
are  solid-state  piezoelectric  devices.  Piezoelectric 
crystals  generate  a  voltage  when  they  are  mechanically 
strained  (Fig.  6)."''  When  the  asymmetrical  crystal 
is  distorted,  a  reorientation  of  the  charges  within  the 
crystal  takes  place.  This  results  in  a  displacement  of 
positive  and  negative  charges  that  produces  surface 
charges  of  opposite  polarity  on  opposite  sides  of  the 
crystal.  The  voltage  produced  (v)  is: 

k-f 


where  k  is  the  piezoelectric  constant,  f  is  the  applied 
force,  and  C  is  the  capacitance.  If  one  assumes  that 
the  area  of  the  crystal  (A)  exposed  to  the  force  from 
the  airway  pressure  stays  relatively  constant,  the 
output  of  the  device  is  proportional  to  the  pressure 
applied  (pressure  =  f/A). 

Gas  Composition  Measurements 

Chemical  Sensors 

The  polarographic   oxygen   sensor   is  the   most 
common  gas-composition  sensor  used  in  respiratory 


CRYSTAL 


Fig.  6.  Functional  diagram  of  a  piezoelectric  pressure 
transducer. 

care.  Mylrea"'  and  Clark"''  attribute  the  discovery 
of  the  principles  of  polarographic  sensors  to  Danneel 
in  1897,  and  the  introduction  of  the  first  feasible 
sensor  design  to  Heyrovski  in  1925.  The  first 
polarographic  oxygen  electrode  was  made  in  the 
1930s  and  used  a  platinum  electrode.  The  basic  design 
of  the  Clark-type  polarographic  oxygen  sensor  is 
shown  in  Figure  7A.''' '*  The  cathode,  or  negative, 
electrode  (usually  of  platinum)  and  the  anode,  or 
positive,  electrode  (usually  of  silver-silver  chloride, 
Ag-AgCl)  are  immersed  in  an  electrolyte  solution 
(typically  saturated  potassium  chloride,  KCl).  A  thin, 
oxygen-permeable  membrane  separates  the  solution 
from  the  medium  being  sensed.  The  reduction  reaction 
at  the  cathode  is: 

O:  +  2  H:0  +  4  e   -  2  HjO;  +  4  e  -  4  OH ' 
4  OH    +4KCl-4KOH  +  4Cr. 

The  four  electrons  are  provided  by  the  -0.7v  bias 
potential  supplied  by  an  external  battery  or  power 
supply.  The  reaction 

4  Ag  +  4  Cr  -  4  AgCI  +  4  e 

occurs  at  the  anode  and  completes  the  circuit, 
supplying  the  four  electrons  necessary  to  provide  the 
current  flow  in  the  external  circuit.  The  flow  of 
electrons  (current)  in  the  external  circuit  is 
proportional  to  the  Pqt  The  response  time  of  these 
sensors  will  be  from  30-360  seconds  depending  on 
the  type  of  membrane  used. 

Some  oxygen  sensors  such  as  the  yttria-stabilized 
zirconia  electrode,  illustrated  in  Figure  7B,  incorporate 
a  solid  electrolyte.''^  The  zirconia  crystal  demonstrates 
oxygen-ion  conduction  at  temperatures  above  600 
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°C.  The  crystal  has  a  thin  layer  of  porous  platinum 
on  each  side  that  forms  the  electrodes.  When  the 
sample  gas  has  a  different  oxygen  concentration  from 
the  reference  gas,  a  difference  in  potential,  or  voltage 
(v),  occurs  across  the  crystal: 


RT 
4F 


In 


'  sample^  - 


r  reference 


O; 


where  F  is  the  Faraday  constant  and  T  is  the  operating 
temperature  (kelvin). 

Fuel,  or  galvanic,  cells  comprise  another  large  class 
of  oxygen  sensors  in  common  use.'  These  devices, 
which  require  no  external  power,  are  essentially 
batteries  whose  output  current  is  a  function  of  the 
Pq.-  Fuel-cell  oxygen  sensors  are  used  in  some 
ventilators,  including  the  Siemens  900C.  A  fuel-cell 
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Fig.  7.  Oxygen  sensors  that  depend  on  chemical 
reactions:  A — Clarl<-type  polarographic  oxygen  elec- 
trode, B— solid  electrolyte  oxygen  electrode,  and  C— 
fuel-cell  oxygen  electrode. 


sensor  is  shown  diagrammatically  in  Figure  7C.  The 
fuel  cell  usually  has  a  gold  cathode  and  lead  anode 
immersed  in  a  potassium  hydroxide  electrolyte.  The 
reactions  are: 

O;  +  2  H:0  +  4  e   -  2  H:0;  +  4  e   -  4  OH     (cathode) 
2  Pb  +  6  OH    -  2  PbO:H    +  2  H;0  +  4  e  (anode) 

The  oxidation  of  lead  to  lead  hydroxide  at  the  anode 
provides  the  four  electrons  necessary  for  the  reduction 
of  oxygen  at  the  cathode.  Because  the  lead  and 
hydroxide  are  consumed  in  the  process,  the  device 
has  a  finite  life,  the  length  of  which  depends  on  the 
rate  of  the  reaction  and,  therefore,  the  Pq:  to  which 
it  is  exposed.  The  typical  lifetime  of  such  a  device 
is  about  3  months  when  exposed  to  pure  oxygen 
and  about  15  months  in  room  air. 

There  are  also  chemical  sensors  for  CO2. 
Severinghaus  and  Bradley  developed  a  practical  Pco^ 
electrode  in  1958.'^'"  The  device  (Fig.  8)  is 
fundamentally  a  pH  electrode  in  a  bath  of  bicarbonate 
(HCOi  )  buffer  solution.  The  solution  is  separated 
from  the  sample  chamber  by  a  semipermeable 
membrane  that  allows  CO:  to  cross.  According  to 
the  Henderson-Hasselbach  equation,  the  pH  of  the 
buffer  solution  is: 


pH  =  pKa  +  log 


[HCO. 


'^CO; 


0.03 


As  long  as  the  HCOi   concentration  in  the  buffer 
solution  does  not  change,  the  relationship  is: 

pH  =  constant  -  log  Pcoi- 

An  external  circuit  or  microprocessor  is  used  to 
linearize  the  output  from  the  electrode.  These 
electrodes  have  a  slow  response  time  because  of  the 
requirement  that  the  gas  in  the  sample  chamber  be 
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Fig. 8.  A  Severinghaus  CO;  electrode 
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in  full  equilibration  with  the  buffer  solution.  They 
are  used  primarily  in  blood  gas  analyzers  and 
transcutaneous  monitors. 

Paramagnetic  Sensors 

Oxygen  exhibits  an  unusual  attraction  to  an  applied 
magnetic  field — a  phenomenon  known  as  paramag- 
netic susceptibility.  Sensors  that  utilize  this  unique 
feature  of  oxygen  are  known  as  paramagnetic  oxygen 
sensors.  A  fast  paramagnetic  oxygen  sensor  is  used 
in  the  Datex  metabolic  monitor,  which  measures  O: 
consumption  and  CO2  production.  Figure  9  illustrates 
the  basic  function  of  the  paramagnetic  oxygen 
analyzer.''  The  reference  gas  is  passed  through  two 
symmetrical  pathways  joined  in  the  middle  by  a 
differential  pressure  transducer.  A  strong  pulsating 
electromagnetic  field  is  placed  on  one  pathway  just 
before  the  gas  outlet,  and  the  sample  gas  is  injected 
at  the  junction  of  the  two  pathways  near  the  outlet. 
If  the  sample  gas  has  a  higher  paramagnetic  affinity 
than  the  reference  gas,  it  will  be  attracted  to  the 
magnetic  field  and  produce  a  restriction  of  flow  in 
that  pathway.  This  restriction  will  produce  a  pressure 
gradient  between  the  pathways  that  is  proportional 
to  the  difference  in  Pq,  between  the  reference  and 
sample  gas.  This  sensor  is  fast,  having  a  response 
time  of  less   than   200   ms.   Differential-pressure, 
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Fig. 9.  A   differential-pressure   paramagnetic   oxygen 
sensor. 


paramagnefic  oxygen  sensors  are  ideally  suited  for 
fast,  breath-to-breath-sensing  applications. 

Optical  Sensors 

A  number  of  gases  exhibit  specific  absorption 
spectra  that  allow  them  to  be  sensed  by  optical 
techniques.  The  absorption  is  measured  by  passing 
light  through  the  sample  and  observing  how  much 
of  a  particular  wavelength  gets  through  (transmission 
spectroscopy).  The  absorption  of  light  by  a  gas  sample 
is  dependent  on  the  number  of  absorbing  molecules 
in  the  light  path  and  is  predicted  by  the  Beer-Lambert 
gas  law: 

[       -  I.  p-LaC, 
'out      •in'^ 

where  lout  is  the  intensity  of  light  coming  out  of 
the  sample,  Ijn  is  the  intensity  going  into  the  sample, 
e  is  the  base  of  the  natural  logarithm,  L  is  the  optical 
path  length,  a  is  the  absorption  at  the  particular 
wavelength  being  used,  and  C  is  the  concentration 
of  the  gas.  Of  the  gases  commonly  used  in  respiratory 
care,  only  CO:  and  H:0  have  strong  absorption 
spectra  that  make  them  candidates  for  optical 
measurement.  CO:  has  an  absorption  peak  at  the 
infrared  wavelength  of  4.26  ^im.  Consequently,  a  wide 
variety  of  different  infrared  optical  sensors  for  CO: 
have  been  made  commercially  available  for  end-tidal 
CO:  monitoring.  Figure  lOA  illustrates  a  common 
infrared  CO:  analyzer.  A  source  of  infrared  radiation, 
usually  a  small  tungsten  filament,  is  mounted  on  one 
side  of  the  sample  cell.  On  the  other  side,  the 
transmitted  light  is  passed  through  a  chopper  (a  device 
that  interrupts  the  beam  of  light  at  brief,  regular 
intervals)  and  then  to  a  solid-state  sensor,  usually 
of  a  lead-selenide  photoconductive  type.  The  chopper 
is  used  to  avoid  'noise,'  or  unwanted  signals,  by 
providing  synchronous  detection  of  pulses  and  dark 
(zero-light)  periods.  The  receiver  circuits  are 
synchronized  with  the  transmitter  circuits  so  that  any 
signals  that  do  not  pulse  at  the  chopper  frequency 
are  ignored.  This  eliminates  much  of  the  thermal  noise 
and  interference  from  outside  light  sources.  These 
devices  either  may  be  placed  remotely  with  a  sample 
of  gas  pulled  into  the  sample  cell  for  analysis,  or 
they  may  be  placed  in-line  in  the  airway  (Fig.  lOB). 
Many  end-tidal  CO:  analyzers  are  side-sampling 
devices  that  pull  a  sample  of  gas  from  the  circuit 
to  the  analyzer.  The  in-line  sensors  such  as  those 
manufactured  by  Hewlett-Packard,  Siemens,'"  and 
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Fig.  10.  Infrared  absorption  CO;  sensors:  A— the 
fundamental  operation  and  B— a  side  sampling  device 
and  an  in-line  device. 

Novametrics  are  faster  to  respond  because  there  is 
no  delay  in  transporting  the  sample.  It  has  been  a 
challenge  to  produce  the  source,  detector,  and 
mechanical  chopper  in  a  small  lightweight  package 
that  can  be  placed  in  the  airway  near  the  mouth. 
Novametrics  uses  a  solid-state  shutter  and  sophisti- 


cated calibration  techniques  to  produce  a  lightweight 
in-line  sensor. 

Optical  sensors  are  also  available  for  nitrous  oxide 
and  other  anesthetic  vapors,  sulfur  hexafluoride,  and 
a  number  of  other  specialty  gases. 

Acoustic  Sen.sors 

A  new  multigas  monitor  based  on  acoustic 
principles  has  recently  been  introduced  (Fig.  11).' 
The  device  measures  all  gas  and  vapor  concentrations 
except  oxygen,  by  a  special  infrared  absorption 
technique  called  photoacoustic  spectroscopy.  A 
precision  microphone  detects  the  energy  the  gases 
absorb;  it  'listens'  as  they  expand  and  contract.  Oxygen 
concentration  is  determined  by  a  magnetoacoustic 
technique.The  manufacturer  claims  that  the  monitor 
requires  much  less  frequent  calibration  and  is  more 
accurate  than  are  conventional  infrared  techniques. 

Mass  Spectrometers 

Mass  spectrometers  measure  gas  concentrations  by 
ionizing  the  gas  and  then  separating  the  charged 
molecules  on  the  basis  of  their  charge-to-mass 
ratio.^"'"  Because  the  gases  are  ionized  to  the  same 
charge  (+1),  each  gas  is  detected  on  the  basis  of  its 
molecular  weight  or  mass.  The  mass  spectrometer 
may  have  a  single  detector  for  one  specific  gas  or 
it  may  have  multiple  detectors  to  simultaneously  sense 


3 


Fig.  11  Bruel  &  Kjaer  acoustic  multi- 
gas  monitor.  (Reproduced,  with 
permission,  from  Reference  33.) 
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several  gases  within  a  given  range  of  molecular 
weights. 

A  mass  spectrometer  consists  of  a  capillary  tube 
through  which  the  sample  is  fed  into  an  evacuated 
chamber.  For  analyzing  nitrogen  and  other  respiratory 
gases,  the  capillary  tube  is  heated  to  evaporate  any 
water  in  the  sample.  Water  vapor  in  the  chamber 
causes  errors  in  measurement  because  it  decreases 
the  flowrate  of  the  gas  through  the  ionization  chamber 
and  decreases  the  partial  pressure  of  the  dry  gases 
present  in  the  sample.  The  vacuum,  which  is  10"' 
to  10  '  torr,  reduces  the  random  movement  of  the 
molecules  during  the  ionization  and  detection  process: 
the  less  random  movement,  the  less  error  due  to  the 
interference  of  gases  with  each  other  during  detection. 
The  sensitivity  of  the  mass  spectrometer  depends  on 
the  vacuum  produced:  the  greater  the  vacuum,  the 
more  sensitive  the  measurements. 

The  molecules  of  dry  gas  are  pumped  into  the 
ionization  chamber  and  pass  through  a  high-energy 
electron  beam  produced  by  a  high  voltage  filament. 
In  the  electron  beam,  the  gas  molecules  typically  give 
up  one  electron  and  become  positively  charged.  The 
resulting  ion  beam  is  focused  with  electrically  charged 
plates  through  a  slit  to  more  precisely  define  the  beam. 
The  beam  is  directed  through  a  magnetic  field,  which 
is  at  right  angles  to  the  path  of  the  ionized  molecules. 
As  the  ions  pass  through  the  magnetic  field,  they 
start  a  circular  trajectory.  The  radius  of  the  path  is 
proportional  to  the  charge-to-mass  ratio  of  the 
particles.  Because  all  of  the  gas  molecules  have  been 
ionized  to  a  charge  of  + 1 ,  the  curvature  of  each  path 
is  a  function  only  of  the  atomic  mass  of  the  particles. 
Particles  of  different  weights  take  on  a  different 
trajectory,  so  the  beam  leaving  the  magnetic  field 
has  several  components.  Each  component  represents 
a  specific  gas,  although  there  is  always  some  overlap 
due  in  part  to  random  noise  (random  movement  of 
gas  particles  not  completely  ionized)  and  incomplete 
separation.  Most  of  the  gases  of  interest  for  respiratory 
studies  are  close  in  atomic  weight.  [Nitrogen  has  an 
atomic  weight  of  28  atomic  mass  units  (amu),  carbon 
monoxide  28,  carbon  dioxide  32,  and  nitrous  oxide 
44.]  This  closeness  produces  some  overlap,  and  error 
is  introduced  into  the  nitrogen  analysis  when  any 
of  these  gases  are  present  in  the  sample. 

The  separated  beam  falls  onto  Faraday  collectors 
(metal  plates)  in  which  a  current  is  produced 
proportional  to  the  number  of  gas  ions  present  in 


the  beam.  Single-detector  mass  spectrometers  have 
a  single  collector  positioned  to  detect  the  gas  of 
interest.  Multidetector  mass  spectrometers  have  an 
array  of  collectors,  each  of  which  detects  a  different 
range  of  masses.  After  measurement,  the  gas  molecules 
are  pumped  from  the  chamber  by  the  ion  pump  to 
reduce  interference  with  subsequent  measurements. 
The  current  produced  by  the  collector  is  amplified 
and  filtered,  then  sent  to  the  display  or  recorder.  Figure 
1 2  is  a  block  diagram  of  a  mass  spectrometer. 
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Fig.  12.  Diagram  of  a  mass  spectrometer  for  respiratory 
gas  analysis.  (Reproduced,  with  permission,  from  East 
TD,  East  KA.  Nitrogen  analyzers.  In:  Webster  JG,  ed. 
Encyclopedia  of  medical  devices.  New  York:  John  Wiley 
&Sons,  1988:2052-2058.) 

Mass  spectrometers  for  respiratory  gases  detect 
masses  in  the  range  of  2  to  50  amu,  whereas  other 
mass  spectrometers  available  for  gas  analysis  have 
a  range  of  up  to  200  amu  to  include  the  heavier 
anesthetic  gases  such  as  halothane  and  isoflurane. 

Mass  spectrometers  are  very  fast  analyzers.  The 
step-change  response  time  from  0  to  90%  response 
is  typically  about  100  msec.""^*"  The  mass  spec- 
trometer needs  only  small  samples  for  analysis  (about 
1  mL),  which  makes  it  practical  for  on-line  breath- 
by-breath  analysis.  ^'' 

Gas  Chromatographs 

Gas  chromatography  is  a  method  of  separating  gas 
mixtures  into  their  components  by  forcing  them 
through  a  long,  narrow  column  packed  with  either 
a  solid  or  liquid  material.  'Chromatography'  was  the 
name  originally  given  to  this  method  of  analysis 
because  substances  were  identified  by  the  color  of 
the  reaction  with  the  material  lining  the  column. 
However,  the  more  sophisticated  and  diverse  methods 
for  separation  now  used  do  not  rely  on  the  color 
of  the  reaction  to  identify  the  substance. 
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The  gas  chromatograph  consists  of  a  sample  port 
leading  into  a  chamber  where  the  sample  is  heated. 
Heating  the  sample  prevents  any  water  vapor  in  the 
sample  from  condensing.  The  sample  is  then  added 
to  a  known  concentration  of  a  reference  gas,  typically 
either  nitrogen  or  helium.  Helium  is  used  for 
respiratory  gas  analysis  because  nitrogen  is  one  of 
the  gases  to  be  analyzed.  In  some  systems,  the 
reference  gas  is  pumped  through  a  separate  but 
identical  column. '"^  The  sample  is  forced  by  a  pump 
through  a  long,  narrow  column  (approximately  1  m 
in  length  and  10  mm  in  diameter),  which  is  lined 
with  either  a  liquid  or  a  solid  material.  For  nitrogen 
and  respiratory  gas  analysis,  a  solid-mesh  packing 
material  is  used.' '  The  lining  or  packing  in  the  column 
separates  the  gases  on  the  basis  of  their  weights  and 
viscosities,  so  each  reaches  the  detector  at  the  end 
of  the  column  at  a  distinct  time.  Figure  13  is  a  block 
diagram  of  the  gas  chromatograph,  showing  the 
heating  chamber,  column,  and  detector. 
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Fig.  13.  A  gas  chromatograph  system  for  measuring 
respiratory  gases,  with  output.  (Reproduced,  with 
permission,  from  East  TD,  East  KA.  Nitrogen  analyzers. 
In:  Webster  JG.  ed.  Encyclopedia  of  medical  devices, 
New  York:  John  Wiley  &  Sons,  1988:2052-2058.) 


Because  the  sample  is  moving  through  the  column, 
the  detector  output  is  a  function  of  time  as  well  as 
concentration.  A  peak  is  seen  for  each  gas  as  it  reaches 
the  detector.  The  location  of  the  peak,  as  compared 
to  the  reference  gas  injected  with  the  sample, 
differentiates  the  components  and  identifies  each. 
Figure  13  also  shows  a  typical  output  on  a  chart 
recorder.  The  areas  under  the  peaks  are  used  to 
calculate  the  concentration  of  each  gas,  with  the 
reference  gas  of  known  concentration  as  a  standard. 

The  advantages  of  gas  chromatography  are  that 
only  a  small  sample  is  needed  for  analysis,  several 


gases  may  be  analyzed  at  one  time,  and  the  technique 
is  very  sensitive;  however,  it  does  take  from  1 5  minutes 
to  1  or  2  hours  to  analyze  a  sample.  This  makes 
it  impractical  for  continuous  monitoring  but 
applicable  for  samples  that  can  be  analyzed  at  a  later 
time. 

Raman  Spectroscopes 

Raman  spectroscopy  is  a  versatile  method  of 
molecular  analysis  that,  according  to  VanWagenen 
et  al"*  and  Long,'**  was  first  postulated  by  Adolf 
Smekal  in  1923  and  first  observed  by  Sir  Chandra- 
sekhara  Vankata  Raman  in  1928.  The  method  has 
been  used  to  solve  many  molecular  structure 
problems.  Raman  scattering  occurs  when  light  that 
is  almost  all  one  particular  wavelength  (ie,  488  nm) 
is  incident  on  a  molecule.  The  majority  of  the 
scattering  is  so-called  Rayleigh  scattering  in  which 
the  molecule  absorbs  the  incident  energy  placing  it 
in  an  intermediate  higher  quantum  energy  state; 
however,  the  molecule  immediately  returns  to  its 
previous  energy  state  releasing  a  photon  of  the  same 
energy  as  the  incident  photon.  Raman  scattering 
occurs  when  a  Stokes  or  anti-Stokes  transition  occurs 
in  the  molecule.  Stokes  transitions  occur  when  the 
molecule  in  the  intermediate  higher  quantum  energy 
state  achieves  an  energy  state  different  from  the  one 
in  which  it  existed  before  absorbing  the  incident 
photon.  Energy  must  be  conserved,  and  the  difference 
in  energy  between  the  incident  and  the  scattered 
photon  is  a  result  of  a  change  in  vibrational,  rotational, 
or  electronic  energy  levels  within  the  molecule.  Each 
molecular  gas  has  different  vibrational  and  rotational 
energies;  therefore,  this  energy  shift  can  be  used  to 
identify  the  gases.  Because  the  energy  of  a  photon 
is  related  to  frequency  and  wavelength  by  the 
equations 

E  =  hii  and  E  =  — r- 

(where  E  is  energy,  h  is  Planck's  constant  6.62  x 
10  "  J  •  s,  u  is  frequency,  c  is  the  speed  of  light, 
and  A  is  the  wavelength),  the  energy  shift  can  be 
measured  by  looking  at  the  frequency  or  wavelength 
shift.  A  Raman  spectrum  for  a  typical  sample  of 
expired  respiratory  gases  is  shown  in  Figure  14A.  **' 
The  amplitude  of  the  peaks  is  roughly  proportional 
to  the  concentration  of  the  gas  present.  The 
concentration  of  the  gases  can  be  monitored  by  using 
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Fig.  14.  A — Raman  scattering  spectrum  for  a  typical 
sample  of  expired  respiratory  gases.  B— System  for 
Raman  spectrographic  analysis  of  expired  respiratory 
gases.  (Reproduced,  with  permission,  from  East  TD,  East 
KA.  Nitrogen  Analyzers.  In:  Webster  JG,  ed.  Encyclopedia 
of  medical  devices,  New  York:  John  Wiley  &  Sons, 
1988:2052-2058.) 


filters  to  isolate  specific  Raman  wavelengths 
characteristic  of  each  gas  and  recording  the  intensity 
of  the  light  output  from  the  filters.  Although  the 
amount  of  Raman  scattering  is  small,  with  appropriate 
high-intensity  light  sources  (such  as  lasers),  very 
sensitive  detectors,  and  good  signal  processing,  very 
low  concentrations  of  molecular  gases  can  be 
measured. 

A  commercially  available  system  for  Raman 
scattering  analysis  of  respiratory  gas  is  shown  in  Figure 
14B — an  argon  laser  with  a  maximum  extracavity 
output  power  of  40  mW  and  a  wavelength  of  488 
nm.  The  output  is  vertically  polarized  and  pumping 
power  is  feedback-controlled  to  maintain  a  constant- 
output  intensity.  The  12-inch  plasma  tube  and  the 
0.12  mL  gas  sample  cell  are  included  in  the  optical 
cavity.  The  Raman  scattered  light  exits  by  two 
transparent  side  windows  and,  on  each  side,  the  light 
is  collected  with  an  f  1.0,  BK7  plano-convex  lens. 
Because  scattered  light  leaves  from  both  sides,  there 


are  two  optical  channels.  Both  channels  are  notch 
filtered  to  remove  the  laser  line  at  488  nm.  Channel 
1  has  a  rotating  8-position  filter  wheel  with  the 
capability  of  sampling  8  different  gases  (O2,  N2,  N2O, 
volatile  anesthetics,  a  dark  reference,  and  a  blank). 
Each  filter  contains  a  notch  filter  selective  for  one 
particular  range  of  Raman-scattering  wavelengths. 
When  the  wheel  rotates,  8  different  gases  may  be 
sampled  at  an  interval  determined  by  the  speed  of 
the  wheel.  If  the  wheel  is  stopped,  one  gas  can  be 
monitored  continuously.  Channel  2  is  used  for 
continuous  monitoring  of  CO2.  The  output  of  the 
filters  is  focused  onto  the  photocathodes  of  1P21 
photomultiplier  tubes  (PMT)  via  f  1.5  field  lenses. 
The  PMT  outputs  are  fed  into  an  ORTEC  photon- 
counting  system.  The  signal  is  then  recorded  on  a 
strip-chart  recorder  and  fed  to  a  Hewlett-Packard  86 
microcomputer. 

The  Raman  scattering  occurs  essentially  instantane- 
ously, and  it  takes  less  than  10-12  picoseconds  for 
the  measurement  to  be  made.  The  overall  response 
time  of  the  system  is  determined  by  the  dme  necessary 
to  exchange  gas  in  the  sample  cell,  which  is  determined 
by  the  volume  of  gas  in  the  sample  line,  the  volume 
of  the  sample  cell,  and  the  gas  flow  through  the  system. 
The  response  time  of  the  system  with  a  0.12  mL 
sample  cell,  no  sample  line,  and  no  filter  can  vary 
from  142  ms  at  a  flowrate  of  65  mL/min  to  31.6 
msec  at  a  flowrate  of  278  mL/min.^*  In  order  to 
have  short  response  times,  a  high  flowrate  must  be 
used.  This  may  not  be  satisfactory  in  pediatric  and 
neonatal  applications  in  which  such  large  sample  rates 
are  inappropriate.  The  manufacturer  is  planning  to 
reduce  the  volume  of  the  sample  cell,  which  should 
decrease  the  flowrate  necessary  to  achieve  a  good 
response  time. 


Gas  Exchange 


Pulse  Oximeters 


Although  other  forms  of  oximetry  exist,  today's 
most  common  device  for  noninvasive  evaluation  of 
oxygenation  appears  to  be  the  pulse  oximeter.  The 
measurement  of  oxygen  saturation  using  optical 
techniques  is  based  on  the  Beer-Lambert  law 
previously  discussed.  Optical  sensing  is  possible 
because  of  the  absorption  spectra  of  the  various  forms 
of  hemoglobin.  ■*'"^"  Ifone  assumes  that  only  reduced 
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(desaturated)  hemoglobin  and  oxyhemoglobin  are 
present,  absorbance, 

'out 

(from  the  Beer-Lambert  law),  at  any  particular 
wavelength  is: 

A  =  W  •  L[(ao  •  Co)  +  (a  •  C)], 

where  W  is  the  weight  of  hemoglobin  per  unit  volume, 
L  is  the  optical  path  length,  ao  and  a  are  the 
absorptivities  of  HbO  and  Hb,  and  Cq  and  C  are 
the  relative  concentrations  of  HbO  and  Hb  (Co  + 
C  =  1).  The  two  unknowns  are  WL  and  Cq.  In  order 
to  solve  for  these  two  unknowns,  one  needs  two 
equations.  Two  sets  of  equations  can  be  generated 
by  measuring  A  at  two  different  wavelengths.  If  one 
chooses  one  of  the  wavelengths  to  be  805  nm  (ie, 
the  isobestic  wavelength,  both  HbO  and  Hb  have 
the  same  absorptivity,  a,  at  that  wavelength),  the 
mathematics  can  be  simplified;  however,  this  is  not 
essential.  I  have  observed  that  manufacturers  tend 
to  use  one  wavelength  in  the  range  of  600-750  nm 
and  one  in  the  range  from  850- 1 000  nm.  The  Ohmeda 
Biox  3700  uses  wavelengths  of  660  and  940  nm  and 
the  Nellcor  N-lOO  uses  660  and  910  nm.  To  solve 
for  the  oxygen  saturation,  one  needs  only  to  use  the 
conventional  technique  for  solving  two  equations  for 
two  unknowns.  Unfortunately,  while  this  approach 
might  work  well  when  measuring  arterial  blood  in 
a  clean  glass  sample  cell,  it  does  not  work  so  well 
when  blood  is  being  measured  in  the  capillary  blood 
at  the  finger.  As  the  heart  beats,  the  nature  of  the 
blood  in  the  capillary  bed  changes.  At  the  trough 
of  the  pulse,  the  absorbance  is  the  sum  of  arterial, 
capillary,  and  venous  blood,  and  intervening  tissue 
absorbance.  At  the  peak  of  the  pulse,  all  of  the  same 
components  are  there  plus  an  additional  arterial 
component.  By  sampling  the  absorbance  at  the  trough 
and  peak  and  using  algorithms,  one  can  solve  for 
the  saturation  of  the  arterial  blood  component  alone. 
Also,  the  Beer-Lambert  law  does  not  really  hold  in 
this  situation.  There  is  scattering  of  light  by 
erythrocyte,  skin,  and  other  cell  membranes.  If  the 
Beer-Lambert  law  is  followed  exactly,  the  Sao,  is 
grossly  overestimated  when  the  saturation  is  below 
90**.  In  practice,  theoretical  algorithms  have  been 
abandoned  in  favor  of  calibration  curves  derived 
experimentally  from  healthy  volunteers. 

Several  sources  of  error  exist.  If  more  than  just 
the  two  species  of  hemoglobin  are  present  and  only 


two  wavelengths  are  used,  there  will  be  error. 
Methemoglobin  and  carboxyhemoglobin  can  interfere 
with  the  measurement.  If  one  wishes  to  include  them 
in  the  calculation,  an  additional  wavelength  is  needed 
for  each  species.  Laboratory  oximeters  such  as  the 
IL  282  measure  the  major  species  of  hemoglobin  and 
use  5  and  6  wavelengths.  Some  dyes  used  clinically, 
such  as  methylene  blue,  have  strong  absorption  peaks 
that  interfere  with  the  measurement.  Methylene  blue 
has  an  absorption  peak  at  668  nm  that  profoundly 
affects  the  accuracy  or  confuses  the  majority  of  devices 
using  the  660  nm  wavelength.'" 

Transcutaneous  CO:  and  O;  Monitors 

Transcutaneous  O:  and  CO:  monitors  are 
marketed  by  a  number  of  companies.  A  transcu- 
taneous CO:  sensor  is  shown  in  Figure   15.  The 
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Fig.  15.  Transcutaneous  CO;  electrode. 
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transducers  are  essentially  polarographic — the  Clark 
oxygen  electrode  and  the  Severinghaus  CO:  electrode 
have  been  described  earlier.  The  membrane  is  placed 
on  the  skin,  and  gas  diffuses  through  the  skin  and 
into  the  electrode.  A  heater  in  the  transducer  warms 
the  skin  at  the  electrode  site  to  44  °C,  to  reduce 
the  diffusion  barrier  of  the  stratum  corneum  of  the 
skin.  A  thermistor  provides  feedback  control  of  the 
temperature,  but  the  electrode  site  must  be  changed 
every  4  hours  to  prevent  burns. 

Hemodynamic  Monitoring 

Blood  Pressure  Measuring  Devices 

Many  of  the  commonly  used  noninvasive  blood 
pressure   measurement   devices   use   an   occlusive 


RESPIRATORY  CARE  •  JUNE  '90  Vol  35  No  6 


511 


BASIC  ENGINEERING  PRINCIPLES 


technique  in  which  a  high  pressure  cuff  is  placed 
around  the  hmb  and  inflated  until  it  occludes  the 
artery.  The  cuff  is  slowly  deflated,  and  the  pressure 
at  which  blood  flow  returns  is  the  systolic  pressure. 
The  cuff  is  further  deflated  (passing  mean  pressure) 
and  the  pressure  at  which  unrestricted  flow  occurs 
is  the  diastolic  pressure. 

Some  devices  mimic  the  conventional  manual 
method  of  measuring  blood  pressure  and  rely  on  the 
sounds  recorded  by  a  microphone  placed  distal  to 
the  cuff  over  the  occluded  artery.  The  Korotkoff 
sounds  first  appear  when  the  cuff  pressure  reaches 
and  drops  below  the  systolic  pressure.  The  sounds 
continue  with  each  heartbeat  until  the  cuff  pressure 
drops  below  diastolic. 

The  most  prevalent  technique  is  oscillometry.  Cuff 
pressure  is  monitored  for  small  oscillations.  When 
the  cuff  is  deflated,  no  oscillations  are  present  until 
the  pressure  is  just  above  the  systolic  pressure.  When 
the  cuff  pressure  reaches  systolic  pressure,  the 
oscillations  suddenly  increase  dramatically  in 
amplitude.  The  oscillations  reach  a  maximum  at  mean 
arterial  pressure  and  suddenly  decline  when  the  cuff 
pressure  reaches  diastolic  pressure.""  The  cuff  pressure 
is  sensed  with  the  traditional  pressure  transducers 
previously  described  in  the  section  on  pressure 
measurement. 

A  technique  first  reported  by  Penaz  et  al"""  allows 
noninvasive  continuous  monitoring  of  arterial 
pressure  waveforms,  and  has  been  incorporated  into 
the  device  known  as  the  finapres.  A  photoelectric 
plethysmograph  is  used  to  monitor  the  volume  of 
the  finger  under  a  cuff  (Fig.  16).^'  ''^  The  absorption 


CUFF 


LED 


/ 


Desired  Path  Length 


Path 
Length 


/ 


c 


Controller 


^  Pressure 


?: 


Photo 
Diode 


Finger 

Fig.  16.  The  FINAPRES  noninvasive  continuous  blood 
pressure  measurement  device  using  the  Penaz 
technique. 


of  the  light  from  a  light-emitting  diode  (LED)  is 
related  to  the  path  length,  and  the  path  length  is 
directly  related  to  the  finger  volume  (assuming  that 
the  geometry  of  the  finger  does  not  change 
dramatically).  The  pressure  in  the  cuff  is  controlled 
by  a  fast-response  pump  system.  The  pressure  in  the 
cuff  is  increased  until  the  arterial  wall  is  unloaded 
(ie,  arterial  pressure  equals  external  pressure).  The 
pressure  in  the  cuff  is  then  servo  regulated  to  maintain 
the  finger  volume.  The  pressure  in  the  cuff  must  rise 
during  systole  and  fall  during  diastole  in  order  to 
maintain  the  finger  volume,  and,  therefore,  the 
pressure  in  the  cuff  continuously  reflects  arterial 
pressure. 

Cardiac  Output 

A  number  of  attempts  to  noninvasively  measure 
cardiac  output  have  been  made.  Two  commercially 
available  techniques  are  Doppler  flow  probes  and 
impedance  plethysmography.  I  do  not  believe  that 
either  of  these  techniques  has  gained  tremendous 
clinical  acceptance  and  both  have  large  potential 
sources  of  error. 

The  Doppler  flow  measurement  technique''^  uses 
ultrasound  technology,  which  I  described  earlier.  The 
velocity  of  the  blood  in  the  descending  aorta  is 
measured  with  an  esophageal  ultrasound  transducer. 
If  the  diameter  of  the  vessel  is  known,  this  velocity 
can  then  be  translated  into  flow.  The  flow  in  the 
descending  aorta  is  equal  to  the  cardiac  output  minus 
ascending  aorta  flow.  To  estimate  the  flow  in  the 
ascending  aorta,  some  devices  have  an  ultrasound 
probe  that  is  applied  externally  at  the  suprasternal 
notch  to  assess  the  velocity  of  the  blood  and  the 
dimensions  of  the  vessel.  This  external  measurement 
is  done  infrequently,  and  the  assumption  is  made  that 
the  relationship  between  flow  in  the  descending  and 
ascending  aorta  change  very  little.  Some  techniques 
rely  on  nomograms  constructed  from  autopsy, 
radiographic,  and  ultrasound  studies  to  estimate  aortic 
cross-sectional  area.  This  technique  is  sensitive  to  the 
assumptions  made  about  aortic  diameter,  distribution 
of  blood  flow  between  ascending  and  descending 
aorta,  and  position  of  the  esophageal  transducer. 

Figure  17  illustrates  a  system  for  noninvasive 
cardiac  output  measurement  by  impedance  plethys- 
mography.^** ■*"  Two  bands  with  electrodes  attached 
are  placed  around  the  neck,  usually  2.5  cm  apart. 
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A  third  and  fourth  band  with  electrodes  attached 
are  placed  7.5  cm  apart  around  the  thorax  and 
abdomen.  The  electrodes  at  the  neck  and  abdomen 
are  driven  by  a  sinusoidal  constant  current  with  a 
frequency  of  100  kHz.  The  sinusoidal  voltage 
difference  between  the  recording  electrodes  at  the  neck 
and  thorax  [v(t)]  is  related  by  Ohm's  law  to  the 
impedance  (Z)  by  the  equation: 

v(t)  =  1(1)  •  Z(t). 

Two  signals  are  recorded  over  time,  Z  and  dZ/dt. 
An  equation  has  been  proposed  that  relates  the  stroke 
volume  (SV)  and  Z  and  dZ/dt:^*"*" 

2      dZ 

-^—  max  ■  r. 
at 


SV=Sp- 


M 


wherep  =  eoo^s  •  Her,, s  =  2.624-  1.121  logi,i(Hct%), 
L  is  the  distance  between  the  recording  electrodes 
in  cm.  dZ/dt  max  is  the  maximum  dZ/dt  during 
the  systolic  portion,  and  T  is  the  ventricular  ejection 
time  in  seconds.  The  cardiac  output  is  the  product 
of  the  SV  and  the  heart  rate.  This  technique  tends 
to  overestimate  the  cardiac  output  but  does  provide 
reliable  trending  information. 

Microprocessor  Data  Acquisition, 
Manipulation,  and  Display 

Many  noninvasive  monitors  use  a  microprocessor- 
based  system,  whereas  the  signals  produced  by  most 
sensors  are  voltages  and  currents  (analog  signals).  In 
order  for  a  computer  to  operate  on  such  signals,  they 
must  be  changed  to  digital  form  by  the  use  of  an 
analog-to-digilal  converter  (ADC).  ADCs  are 
available  as  chips,  modules,  and  boards  and  in  8-, 


I0-,  12-,  and  16-bit  resolutions.  These  resolutions 
correspond  to  256,  1024.  4096,  and  65536  steps, 
respectively.  The  choice  of  resolution  depends  on  how 
small  a  step  in  the  input  signal  needs  to  be 
distinguishable  and  the  cost.  Cost  seems  to  increase 
exponentially  as  the  resolution  increases.  An 
important  issue  is  how  fast  the  incoming  analog  data 
are  sampled.  The  Nyquist  criterion  states  that  the 
signals  must  be  sampled  at  a  frequency  ^  twice  the 
highest  frequency  in  the  input  signal  in  order  to  avoid 
distortion.^"  For  example,  a  pneumotachograph  that 
has  a  frequency  response  up  to  30  Hz  must  be  sampled 
at  a  frequency  of  at  least  60  Hz. 

After  data  have  been  successfully  collected  by  the 
computer,  the  issue  of  what  to  do  with  the  data 
becomes  vital.  It  is  very  easy  to  collect  a  hoard  of 
data  and  then  not  be  able  to  do  anything  with  it. 
The  factors  that  influence  'what-to-do-with-it' 
decisions  are  the  type  and  amount  of  data  to  be  stored 
permanently,  the  real-time  processing  that  needs  to 
be  done,  and  the  information  to  be  displayed  in  real- 
time. 

Data  can  be  stored  permanently  on  floppy  or  fixed 
disc  in  a  variety  of  file  formats.  The  common  types 
of  data  files  are  sequential-access  ASCII,  random- 
access  binary,  and  keyed  random-access  binary.  In 
addition,  the  records  of  any  of  these  may  be  of  fixed 
or  variable  length.  The  most  common  type  of  file 
on  all  computers  is  probably  the  sequential-access 
ASCII  file  in  which  each  record  is  of  variable  length. 
Such  files  are  created  with  the  editor  and  can  be 
typed  on  the  screen  and  printed  on  the  printer.  They 
have  two  disadvantages:  They  must  be  read 
sequentially  and  they  tend  to  waste  space,  particularly 
when  storing  numbers.  Binary  files  store  floating  point 
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numbers  in  4  bytes  and  integers  in  2  bytes,  and  are 
generally  random-access  files.  Therefore,  for  most 
applications  in  which  large  groups  of  numbers  are 
to  be  stored,  it  is  probably  advisable  to  use  binary 
random-access  files.  The  issue  of  fixed-  vs  variable- 
length  records  depends  on  the  type  of  data  to  be 
collected.  Keyed  binary  random-access  files  allow  one 
to  rapidly  search  for  data  based  on  particular  columns 
within  the  data.  For  instance,  a  file  may  contain  blood 
pressures,  heart  rates,  and  cardiac  outputs.  If  we  know 
that  we  want  to  be  able  to  retrieve  all  information 
about  patients  who  have  cardiac  outputs  below  2.0 
L/min;  then  cardiac  output  should  be  made  a  key 
to  be  used  for  searching.  This  can  dramatically  speed 
up  searching  of  large  databases. 

A  critical  part  of  data  storage  is  the  choice  of  what 
variables  to  store  and  how  often  to  store  them.  This 
often  involves  a  trade-off  between  the  value  of  the 
data  and  the  amount  of  disc  space  available.  This 
is  easily  seen  in  respiratory  monitoring.  One  can 
sample  the  flow  transducer  at  1 00  samples  per  second 
and  store  all  of  the  samples  for  an  8-hour  period 
as  2-byte  integers.  This  would  require  5.76  million 
bytes  of  disc  space!  If  in  addition  one  wanted  to 
sample  airway  pressure  and  O2  and  CO2  concen- 
trations at  the  same  rate,  it  would  require  28.8  million 
bytes  of  disc  storage!  This  is  not  totally  unreasonable 
in  an  age  in  which  the  IBM  PC-AT  comes  with  a 
30  Mbyte  disc  drive;  however,  such  recording  can 
easily  become  ridiculous.  For  all  of  these  variables, 
derived  parameters  may  be  the  most  important.  For 
example,  tidal  volume,  minute  volume,  and  respi- 
ratory rate  stored  as  4-byte  floating-point  numbers 
at  5-minute  intervals  may  be  what  is  truly  of  interest. 
This  reduces  the  amount  of  storage  required  to  1152 
bytes  for  the  8-hour  period.  In  order  to  store  derived 
variables,  the  complexity  of  the  software  must  be 
increased  to  perform  real-time  signal  processing. 

Real-time  signal  processing  includes  a  wide  variety 
of  possibilities.  The  incoming  signals  may  be  averaged, 
added,  multiplied,  divided,  subtracted,  integrated, 
differentiated,  transformed,  and  digitally  filtered. 
Software  may  detect  peaks  or  specific  patterns  or 
provide  feedback  control.  In  respiratory  monitoring, 
the  signal  processing  may  be  simple — for  example, 
the  integration  of  the  flow  signal  and  the  detection 
of  the  start  and  end  of  inspiration  and  expiration. 
The  limitation  of  real-time  signal  processing  is  that 
the  processor  must  be  capable  of  keeping  up  with 


the  processing  while  simultaneously  continuing  data 
collection.  This  limitation  can  be  resolved  either  by 
using  a  faster  processor  or  by  off-loading  some  of 
the  time-consuming  calculations  to  a  dedicated 
calculating  computer.  Roating-point  chips  and  boards 
that  implement  the  mathematical  functions  in 
hardware  and  offer  a  significant  improvement  in 
execution  time  are  available  for  many  of  the 
microcomputers.  For  Fourier  transformations  and 
other  matrix  functions,  array  processor  boards  are 
available  that  offer  improvements  in  performance  of 
several  orders  of  magnitude. 

The  vast  array  of  devices  available  for  real-time 
display  of  data  offer  exciting  possibilities  for 
monitoring  and  alarms.  The  availability  of  color 
monitors  with  high-resolution  color  graphics  and  laser 
printers  that  can  generate  high  quality  graphics  make 
it  possible  to  do  virtually  anything  imaginable.  It  can 
be  tremendously  computation-intensive  to  generate 
some  types  of  displays.  It  may  be  necessary  for  highly 
complex  displays,  such  as  three-dimensional  color 
images,  to  be  generated  by  a  separate  graphics 
computer  that  communicates  with  the  data  acquisition 
system.  A  touch  of  art  and  psychology  should  be 
introduced  into  the  design  of  displays.  It  is  clear  that 
a  wide  variety  of  devices  merely  display  huge  amounts 
of  confusing  information  making  it  largely  unintel- 
ligible to  the  user.  I  believe  that  the  art  of  making 
data  displays  useful  and  efficient  lags  far  behind  the 
technology  of  simply  displaying  massive  amounts  of 
data. 


PRODUCT  SOURCES 

Ventilators: 

Veolar,  Hamilton  Medical,  Reno  NV 
900C,  Siemens  Life  Support,  Schaumburg  IL 

Flow  and  Volume  Meters: 

Wright  Respirometer,  Ferraris  Medical  Inc.  Holland  NV 
Bourns  LS-75  (no  longer  available) 

Metabolic  Monitors: 

Datex,  Medical  Instruments  Inc.  Tewksbury  MA 

Acoustic  Gas  Analyzers: 

Model  1 304,  Bruel  &  Kjaer,  Marlborough  MA 

End-Tidal  CO:  Analyzers: 

Model  HP472I0A,  Hewlett-Packard, 
Waltham  MA 
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Siemens  930,  Siemens  Life  Support, 

Schaumburg  IL 
Capnogard,  Novametrics,  Wallingford  CT 

Raman-Scattering  Gas  Analyzers: 

RASCAL,  Albion  Inc,  Salt  Lake  City  UT 

Pulse  Oximeters: 

Biox  3700,  Ohmeda,  Louisville  CO 
N-100.  Nellcor,  Hay  ward  CA 

CO-oximeters: 

IL  282,  Instrumentation  Laboratory,  Lexington  MA 

Blood  Pressure  Monitors: 

FINAPRES,  Ohmeda,  Englewood  CO 
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East  Discussion 

Chatbum:  What  do  you  think  will  be 
the  role  of  artificial  intelligence  (AI) 
software  in  noninvasive  monitoring? 
East:  I'm  not  sure.  Perhaps  a  simple 
approach — imposing  simple  limits  and 
clinically  important  increments  to 
eliminate  a  lot  of  garbage  right  'off  the 
bat.'  Currently,  the  device  keeps 
sending  you  tidal  volume  even  if  it 
changes  by  only  1  mL — and  you  don't 
care  if  it  changes  by  1  mL — at  least 
we  don't.  So,  I  think  some  simple  things 
like  that  make  a  big  difference.  I  think 
that  AI  techniques  will  be  more  useful 
for  trying  to  pull  together  information 
from  a  variety  of  sources  to  try  to  make 
some  common  statement.  Ventilator 
disconnects  are  a  good  example —low- 
pressure  alarms,  low  minute-volume 
alarms,  the  oximeter  alarm,  low  end- 
tidal  CO: — all  at  once.  Why  not  have 
all  of  that  information  collected  and 
one  message  sent  "You  have  a  venti- 
lator disconnect,"  and  try  to  isolate  its 
location  rather  than  having  10  different 


individual  alarms  going  off.  I  think  that 
is  an  area  where  AI  could  help. 
Hess:  Tom,  I  guess  maybe  I'm  being 
a  bit  of  an  old-timer,  but  I'm  still  not 
convinced  that  automated  charting  is 
a  good  idea.  It  concerns  me  that  clini- 
cians are  not  brought  to  the  bedside 
to  collect  the  information  and  do  the 
charting  themselves.  I  guess  my  pref- 
erence is  to  have  the  nurses  and  res- 
piratory care  practitioners  go  to  the 
bedside  and  evaluate  the  I.V.s  and  the 
ventilators  and  do  the  charting-  rather 
than  to  have  that  done  automatically 
so  that  there  is  some  kind  of  a  "Coma" 
scenario  where  the  patients  sort  of  hang 
from  the  ceiling  and  every  couple  of 
days  you  check  to  make  sure  that  no- 
body has  taken  away  the  bodies. 
East:  I  think  that  the  LDS  Hospital 
has  been  a  good  testing  ground,  if  you 
will,  for  some  of  these  ideas.  What  we 
have  found  for  example  with  infusions 
is:  Yes,  practitioners  spend  less  time 
charting  the  infusions,  but  the  accuracy 
of  the  infusion  record  is  a  lot  better 
than  it  was  before — because  the  staff 


member  would  forget  exactly  what 
time  the  drip  rate  had  been  changed, 
would  go  back  and  try  to  chart  it  later, 
or  write  it  on  his  hand  and  forget  it 
was  there.  So,  for  calculating  the  total 
amount  of  drug  delivered,  it  really  has 
improved  the  accuracy  and  reliability 
of  the  system.  For  respiratory  care 
charting,  it  is  sort  of  a  mixed  bag  in 
terms  of  automated  charting.  With  the 
MIB  at  LDS— that  is,  the  medical 
information  bus,  or  the  program  for 
communicating  between  devices  and 
the  hospital  information  system — we 
have  found  both  situations — events 
have  occurred  that  have  not  been  seen 
by  the  therapists  because  they  can't  be 
there  all  of  the  time.  They  have  several 
beds  to  attend  to.  There  have  been 
fairly  serious  events  that  were  never 
captured  by  the  respiratory  care 
charting.  We  found  some  mistakes — 
FlO.  turned  up  and  left  up  for  4  hours. 
Things  like  that.  So,  it  can  help  that 
way.  The  opposite  side  of  the  coin  is 
that  there  are  a  lot  of  events  that  the 
therapist  essentially  filters  out — all  the 
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times  that  you  suction  or  you  manip- 
ulate the  patient  in  some  way.  I  guess 
those  are  real  events,  but  do  you  really 
care  to  have  those  in  your  chart?  Are 
they  important?  When  I  show  the 
charts  we  get  from  the  MIB  to 
clinicians  they  tend  to  feel  that  they 
want  to  get  rid  of  all  the  "minor" 
perturbations.  They  are  used  to  seeing 
a  nice  stable  tidal  volume  =  500  mL 
for  the  whole  day.  And  that's  what 
they  want  to  see;  they  don't  want  to 
see  that  it  fluctuated  all  over  the  place 
several  times.  So.  I  think  that  at  our 
current  level  of  implementation  it 
hasn't  cut  down  on  the  therapist's  being 
at  the  bedside.  It  turns  out  that  they 
interact  with  the  data  that  is  coming 
off  of  the  MIB  at  the  bedside— on  the 
terminals.  They  have  to  go  into  the 
room  and  check  the  patient.  Right  now 
no  one  trusts  the  MIB  enough;  so,  they 
are  always  double-checking  it.  I'm  sure 
that  is  a  concern.  We  want  to  avoid 
the  situation  where  none  of  the  data 
is  validated.  We  want  to  make  sure 
that  it  is  correct. 

Marini:  I  enjoyed  that  very  much, 
Tom.  I  have  been  particularly  con- 
cerned about  another  type  of  medical 
information  "bus" — the  person  who 
interprets  the  information.  I  think  that 
a  lot  of  the  things  that  were  introduced 
earlier  in  this  conference  and  some  of 
the  things  that  you  have  just  addressed 
could  be  viewed  as  problems  in  educa- 
tion of  the  people  interpreting  the  infor- 
mation. Our  frustration  with  data  over- 
load and  with  inability  to  interpret  all 
of  the  information  is  a  reflection  of 
the  fact  that  really  we  are  not  as  well 
educated  at  the  bedside  as  we  would 
like  to  think  we  are.  It  strikes  me  that 
we  have  a  lot  of  information  and  know 
a  lot  of  principles  and  yet  make  very 
poor  use  of  the  information  that  is 
available. 

East:  I  think  that's  a  very  good  point. 
I  have  talked  with  some  of  the  manu- 
facturers—for example,  Hamilton 
Ventilators  has  their  Leonardo  software 
with  volume-pressure  curves  and  CO: 
waveforms.  I  suggested  that  Hamilton 


should  use  some  of  the  available  infor- 
mation to  help  us  interpret  the  curves 
and  waveforms,  rather  than  just  dis- 
playing them.  The  representative 
replied  that  there  is  a  feeling  (at  least 
within  his  company  and  probably  other 
companies  as  well)  that  such  interpre- 
tation opens  them  up  to  such  tremen- 
dous lawsuit  potential  that  they  don't 
want  to  provide  it.  It  is  not  that  they 
can't,  it  is  that  they  don't  feel  safe  doing 
it.  They  feel  that  if  they  say,  "This  is 
a  reflection  of  a  patient  with  a  lot  of 
anatomic  dead  space,"  and  they  are 
wrong,  they  may  be  sued.  I  don't  think 
that  is  really  the  case.  Expert  systems 
have  tended  to  be  viewed  by  the  FDA 
and  the  courts  like  textbooks.  As  long 
as  the  system  doesn't  close  the  loop 
(ie,  directly  make  the  therapy  changes), 
you  can't  go  back  and  sue  them.  I 
probably  shouldn't  say  you  can't;  you 
probably  won't  win  a  suit  against  a 
textbook  that  has  bad  information  in 
it.  The  same  is  true  for  expert  systems 
or  advice  provided  by  a  piece  of  soft- 
ware. It  is  up  to  the  clinician  to  take 
the  information  and  use  his  best  judg- 
ment before  making  a  therapy  change. 

Marini:  Just  one  last  comment — prac- 
ticing in  a  university  center,  we  depend 
on  a  great  number  of  physicians  in 
training  who  make  important  decisions 
on  patients,  at  all  hours,  often  without 
optimal  backup.  It  seems  to  me  that 
there  is  a  crucial  educational  objective 
addressable  by  this  newer  technology 
that  could  be  met  -and  isn't. 

East:  Yes,  I  agree.  I  think  that  it  is 
overlooked  in  a  lot  of  the  education 
process.  I  know  a  lot  of  the  residents 
that  go  through  our  ICU  never  get 
exposed  to  end-tidal  CO:  monitoring 
because  the  attendings  have  decided 
that  they  don't  trust  it.  so  they  don't 
use  it.  That's  just  an  example. 

Burke:  You  mentioned  the  term 
RS232.  RS232  isn't  a  standard  at  all 
and  that  has  become  a  real  problem. 
There  is  a  standard  and  that  is  General 
Purpose  Interface  Bus  488  (GPIB  488). 
Is  that  the  same  as  the  MIB? 


East:  First,  the  RS232  is  a  standard 
from  the  point  of  view  of  how  it  is 
implemented.  What  is  a  I  and  a  0  is 
a  standard  in  terms  of  physical 
representation  data.  What  is  not 
standard  is  the  way  in  which  tidal 
volume  is  sent  out  from  the  ventilators 
or  the  way  in  which  pulse  oximetry 
information  is  sent  out.  We  need  to 
standardize  how  information  is  sent 
out—the  information  contents  of 
packets,  what  sequence  the  data  is  in, 
and  the  format  of  the  data— so  that 
the  devices  really  can  be  interchange- 
able. But,  no,  the  GPIB  is  not  the  same 
as  the  MIB,  although  Hewlett  Packard 
(HP)  has  played  a  big  role  in  the 
definition  of  the  MIB.  The  Institute  for 
Electronic  and  Electrical  Engineers 
(IEEE)  is  the  body  that  is  trying  to 
get  through  its  standards  committee  a 
standard  for  a  medical  information  bus; 
HP  is  a  very  active  member  of  that 
committee,  but  GPIB  is  a  parallel  bus. 
A  portion  of  the  hardware  standard 
for  the  MIB  was  approved  just  recently 
by  the  committee  that  is  working  on 
this.  This  standard  focuses  on  a  bedside 
communications  controller  with  a  high 
speed  network  in  the  room  that  is 
connected  through  a  gateway  to  a 
network  in  the  IC.  So,  no,  it  is  not 
the  same  as  the  GPIB.  But  you  are 
right,  GPIB  is  a  standard.  There  are 
some  devices  out  there  that  could  be 
interfaced  with  GPIB. 
Krieger:  Tom,  I  just  want  to  make 
one  comment — In  the  medicolegal 
sense,  unfortunately  some  of  the 
companies  are  correct.  A  major  jury 
ruling  in  Illinois  concerned  radiation 
equipment  that  was  used  to  treat  head 
and  neck  acne.  Some  subjects  ended 
up  with  thyroid  cancer  decades  later.' 
Because  the  manufacturer  had  advised 
that  radiation  was  indicated  for  tumors 
(at  that  time)  for  such  things  as  acne, 
I  think  they  were  sued. 

1.  Favus  MJ,  Schneider  AB,  Stachura 
ME,  et  al.  Thyroid  cancer  iKCurring 
as  a  late  consequence  of  head  and  neck 
irradiation.  N  Engl  J  Med 
1976;294:1019-1025. 
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East:  Because  of  their  advice — rather 
than  saying  you  can  use  it  in  whatever 
way  you  want  to? 

Krieger:  The  FDA  and  the  jury  can 
look  at  monitoring  very  differently. 
East:  I  think  we  have  to  solve  that 
liability  problem,  because  I  don't  think 
that  such  monitoring  will  ever  be  very 
useful  unless  we  can  train  caregivers 
to  interpret  all  of  these  complex 
waveforms. 

Branson:  I  have  a  problem  with  auto- 
mated charting — I  am  concerned 
about  the  outcome.  As  a  clinician,  I 
would  like  to  think  that  automated 
charting  is  more  accurate  and  will 
allow  the  clinician  more  time  at  the 
bedside  for  other  things.  Yet,  I  think 
that  administrators  are  going  to  view 
automatic  charting  as  meaning  that  we 
need  fewer  clinicians  at  the  bedside. 
I  wonder  how  we  are  going  to  sort 
that  out,  so  that  in  the  end  it  is  best 
for  the  patient  and  most  cost-effective 
for  the  hospital. 

East:  We  mentioned  the  impact  of 
charting  on  clinician  time  spent  at  the 
bedside.  Manual  computer  charting  has 
existed  for  a  long  time.  At  the  LDS 
Hospital,  automated  charting  and  pro- 
tocols for  ventilator  management  were 
introduced  simultaneously.  Now  thera- 
pists spend  less  time  charting  and  more 
time  acting  as  the  people  who  are 
responsible  for  the  protocols.  So,  may- 
be the  respiratory  therapist's  job  def- 
inition will  change.  At  LDS  hospital 
anyway,  the  therapists  believe  that  they 
spend  more  time  at  the  bedside  now. 
Perhaps  that  will  change.  It  will  be  a 
problem  if  administrators  try  to  cut 
back  on  personnel  to  save  money. 
Barnes:  I  am  involved — like  John 
(Marini) — with  trying  to  prepare 
people  to  deal  with  monitoring  data, 
with  therapists  rather  than  physi- 
cians— and  I  would  like  to  think  that 
most  therapists,  once  they  are  presented 
with  the  right  types  of  data  or  data 
patterns,  will  know  what  to  do.  But, 
because  of  the  demands  of  the  job, 
something  may  slip  past  them.  It  is 


important  for  artificial  intelligence  to 
take  the  waveforms  and  monitoring 
data  and,  in  a  sense,  'remind'  people 
of  the  things  they  should  be  looking 
at — so  that  they  can  make  therapeutic 
judgments.  In  our  case,  AI  would  make 
recommendations  to  housestaff  and 
physicians.  Unfortunately,  a  lot  of  phy- 
sicians are  good  general  practitioners, 
but  don't  really  have  respiratory  exper- 
tise; and  respiratory  therapists  have  to 
bridge  that  gap.  I  think  that  using  arti- 
ficial intelligence  to  present  data 
patterns  and  therapeutic  questions  on 
a  computer  screen  would  be  a  big  help. 
East:  Yes,  I  do  too.  I've  heard  a  dis- 
cussion about  how  many  pieces  of 
information  a  clinician  uses  when  he 
actually  comes  in  and  makes  a  deci- 
sion. The  common  medical  wisdom 
is  that  one  goes  to  the  bedside  and 
gets  all  of  the  information  on  the  pa- 
tient and  then  somehow  thinks  through 
all  of  that  information  and  comes  up 
with  the  best  decision.  In  truth,  we  ig- 
nore the  things  we  don't  really  under- 
stand and  focus  on  maybe  one  or  two 
or  three  pieces  of  key  information  that 
we  do  understand  and  are  comfortable 
with.  So,  what  we  need  to  do  is  to 
try  to  take  the  rest  of  the  information 
and  somehow  represent  it  in  a  form 
that  makes  it  easy  to  interpet  and  use. 
Otherwise,  it's  wasted  information. 

1.  Weil  MH.  Opening  address  of  10th 
Annual  International  Symposium  on 
Computers  in  Critical  Care,  Pulmo- 
nary Medicine,  and  Anesthesia. 
NorwalkCT,  1989. 

Conway:  I  agree  with  you,  Tom,  and 
I  enjoyed  your  presentation  very  much. 
Perhaps  we  should  be  looking  for 
different  ways  of  presenting  infor- 
mation instead  of  just  translating  data 
into  rows  of  numbers  and  values.  For 
example,  maybe  we  could  devise  soft- 
ware and  equipment  that  could  provide 
data  in  some  highly  visual  way  as  op- 
posed to  just  raw  information  on 
screens  and  printouts.  We  suffer  from 
information  overload  in  many  cases. 


and  a  graphic  representation  of  infor- 
mation is  a  good  way  to  bring  a  lot 
of  this  data  together.  Rather  than  just 
presenting  peak  airway  pressure  and 
PEEP  as  columns  of  separate  informa- 
tion, maybe  we  could  combine  this 
information  into,  for  example,  a  chart 
of  compliance  changes  over  time. 
Graphics  are  especially  good  for  dis- 
playing data  trends.  Trends  often  are 
missed  when  the  information  is  pre- 
sented as  values  in  columns.  When 
presented  graphically,  trends  are  much 
more  obvious.  Software  that  would 
highlight  trend  changes  would  be  espe- 
cially helpful.  If  one  could  find  some 
innovative  graphic  presentations  of  key 
data — pick  whatever  values  you  like 
and  include  it — so  that  trends  become 
very  apparent,  we  might  be  on  the  track 
to  solving  the  data-presentation  prob- 
lem. That  might  be  the  most  approp- 
riate type  of  graphing,  especially  if  the 
graphic  display  combines  several  pieces 
of  data  into  a  single  calculated  trend 
that  will  reduce  the  data  overload — 
present  the  information  clearly  and 
cleanly,  instead  of  making  the  prac- 
titioner study  rows  of  numbers. 
Welch:  I  know  of  only  three  auto- 
mated ICU  charting  systems  that  are 
actually  still  in  place — although  tons 
of  them  have  been  purchased,  installed, 
turned  on,  'trained  up,'  and  turned 
off — LDS,  Alabama,  Mayo  Clinic — 
and  perhaps  there's  a  fourth. 
East:  UCLA. 

Welch:  Yes,  that  gives  you  an  indi- 
cation of  how  successful  these  charting 
systems  have  been.  In  each  of  the  sur- 
viving systems,  there  has  been  a  clinical 
champion  and  a  rather  committed 
team  to  support  it.  The  cost  to  imple- 
ment such  a  system  is  high.  I  have  been 
to  most  of  those  installations.  The  clini- 
cians actually  respond  in  a  very  favor- 
able way — fewer  mistakes,  more  data. 
Yes,  there  is  information  overload,  and 
there  have  been  training  problems — 
but  clinicians  have  adjusted  to  it,  and 
the  institutions  tend  to  stay  with  the 
system.    When    you    start   discussing 
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things  like  artificial  intelligence — rule- 
based  systems  and  trending  informa- 
tion— what  you  really  have  to  keep 
in  mind  is  the  adage  "garbage  in. 
garbage  out."  This  applies  to  electronic 
trends.  If  your  base  algorithm,  the 
computer  process  that  takes  the  wave- 
form and  translates  it  into  respiratory 
rate  or  volume,  has  a  fundamental  flaw 
in  it,  then  all  of  the  trend  data  will 
be  flawed.  If  you  make  decisions  or 
develop  artificial  intelligence  systems 
based  on  that  algorithm,  then  you  have 
compounded  the  felony  by  as  many 
processing  steps  as  you  have  put  into 
place.  I  think  that  the  first  step  is 
actually  understanding  more  about  the 
signal  itself — the  purity  of  the  signal, 
its  accuracy,  the  digitization,  the 
development  of  a  reasonable  data- 
reduction  algorithm — before  you  go  on 
to  things  like  a  graphic  user's  interface 
or  an  AI  program.  We  don't  have,  I 
believe,  in  any  of  the  medical  commun- 
ities, reasonable  databases  of  annotated 
waveforms.  Until  we  capture  a 
comprehensive  database,  we  cannot 


expect  reasonable  AI  programs  to  be 
developed. 

East:  It's  funny,  though,  if  you  look, 
as  an  example,  at  arrhythmia  moni- 
toring— that's  one  that  we  do  right — 
we  have  established  arrhythmia  tapes, 
and  all  of  the  vendors  have  to  make 
sure  that  their  arrhythmia  monitors 
pick  out  those  arrhythmias  and  classify 
them  correctly. 
Welch:  That's  right. 
East:  But  what  happens  is  that  if  you 
take  arrhythmias  that  aren't  on  the  tape 
(but  have  been  classified  by  a  cardi- 
ologist) and  then  run  them  through  the 
algorithms,  you  get  different  answers 
on  the  different  systems.  But,  the 
monitors  can  pick  out  the  examples 
that  you  have  set  for  your  standards. 
We  already  have  those  for  pulse 
oximetry — saturations  below  80%  are 
unhealthy — things  like  that. 
Kacmarek:  I  think  that  we  are  going 
to  be  pushed  toward  increased  compu- 
terization and  increased  use  of  moni- 
tors. As  a  result  of  introducing  these 
systems,  practitioners  may  spend  more 


time  at  the  bedside,  but  my  question 
is.  What  are  they  doing  at  the  bedside? 
If  you  watch  someone  respond  to  an 
alarm  in  a  patient's  room — they  go  in, 
deactivate  the  alarm,  and  look  at  the 
piece  of  equipment;  nobody  looks  at 
the  patient.  When  you  go  on  rounds 
in  the  morning,  you  ask  the  therapist, 
you  ask  the  nurse,  you  ask  the  resident, 
"What  are  the  patient's  breath  sounds 
like?  What  is  the  ventilatory  pattern 
like?"  I  can't  get  these  questions 
answered.  I  can  get  answers  on  what 
all  of  the  monitoring  equipment  tells 
them — what  the  machinery  tells  them 
about  a  patient — but  it  scares  me  to 
death  that  we  are  moving  practitioners 
further  and  further  away  from  inter- 
facing with  patients  and  forcing  them 
more  and  more  to  simply  interface  with 
technology.  I  don't  believe  that  to  be 
the  best  approach  for  the  reasons  that 
you  and  Jim  (Welch)  have  alluded  to. 
Our  information  is  just  not  that 
accurate,  and  we  really  don't  know 
what  to  do  with  the  information  that 
many  of  these  monitors  provide. 
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Fundamentals  of  Metrology: 

Evaluation  of  Instrument  Error 

and  Method  Agreement 

Robert  L  Chatburn  RRT 


When  you  can  measure  what  you  are  studying,  and  express 
it  in  numbers,  you  have  advanced  to  the  stage  of  science. 
When  you  cannot  measure  .  .  .  your  knowledge  is  of 
a  meager  and  unsatisfactory  kind. 

Lord  Kelvin' " 


Introduction 

Issues  related  to  error  and  agreement  stem  from 
the  larger  study  of  metrology  (measurement  science), 
which  is  concerned  with  the  truth  and  consistency 
of  observations.  Truth  relates  to  how  closely  the 
observations  adhere  to  a  'gold  standard.'  In 
measurement  theory  (the  theoretical  branch  of 
metrology),  truth  is  called  validity,  in  instrument 
science  (the  empirical  branch),  it  is  called  accuracy. 
Accuracy,  however,  is  not  a  static  characteristic  of 
measurements.  Repeated  measurements  of  a  fixed 
quantity  exhibit  variability  in  the  degree  to  which 
the  measured  value  reflects  the  true  value.  Although 
the  individual  values  of  repeated  measurements 
change  as  a  result  of  complex,  random,  and  probably 
unknowable  factors,  as  a  group  they  often  seem  to 
follow  a  Gaussian  or  normal  distribution.  This 
observation  leads  to  the  concept  of  consistency,  which 
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relates  to  how  closely  the  observations  agree  with 
one  another  when  repeated.  In  measurement  theory, 
consistency  is  defined  in  terms  of  reliability;  in 
instrument  science,  it  is  called  precision. 

As  with  other  disciplines,  the  terminology  of 
measurement  science  has  developed  rather  hapha- 
zardly, leading  in  some  cases  to  ambiguity  and  outright 
contradiction.  Although  numerous  standards  exist  for 
specialized  aspects  of  metrology,  these  are  often  not 
used  because  the  people  who  measure  do  not  work 
within  any  particular  field  and  because  they  are  often 
not  required  to  use  standards.  For  example,  many 
journals  that  report  measurement  technique  do  not 
specify  the  use  of  parficular  nomenclature  beyond 
the  use  of  le  Systeme  International  d'Unites  (SI)  units. 

In  1969,  the  Organisation  Internationale  de 
Metrologie  Legale  (OIML)  issued  a  document  entitled 
Vocabulary  of  Legal  Metrology,  Fundamental  Terms. 
This  document,  in  the  French  language,  was  translated 
by  the  British  Standards  Institution  in  1971  as  PD 
6461.  The  following  terms  that  predominate  in 
common  usage  are  taken  from  this  translation: 

Discrimination  (abo  called  resolution):  the  quality  which 
characterizes  the  ability  of  the  measuring  instrument  to 
react  to  small  changes  of  the  quantity  measured. 
Accuracy:  the  quality  which  characterizes  the  ability  of 
a  measuring  instrument  to  give  indications  approximating 
to  the  true  value  of  the  quantity  measured. 
Repeatability  (also  called  precision):  the  quality  which 
characterizes  the  ability  of  a  measuring  instrument  to  give 
the  same  value  of  the  quantity  measured,  not  taking  into 
consideration  the  systematic  errors  associated  with  the 
variations  of  the  indications.  Repeatability  refers  to  short 
term  measurements  with  the  same  apparatus  (ie,  the 
closeness  of  agreement  among  repeated  measurements  of 
the  same  variable  under  the  same  conditions). 
Reproducihilily:  repeatability  determined  by  a  long  term 
set  of  measurements  or  by  different  persons  with  different 
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apparatus  (ie,  the  ability  of  the  measurement  system  to 
maintain  iLs  output  input  precision  over  a  relatively  long 
time). 

Other  terms  that  are  in  common  usage  but  which 
do  not  have  official  definitions  will  be  discussed  later. 
I  will  explore  the  theoretical  and  practical  aspects 
of  metrology  as  they  relate  to  method-  and  device- 
evaluation  studies  and  present  practical  approaches 
to  data  analysis  that  compare  measured  values  to 
known  or  true  values  and  that  compare  the  results 
obtained  with  two  similar  measurement  systems. 


Abbreviations  Used  in  this  Paper 

ATPS 

—  Ambient  temperature  and  pressure  saturated 

BTPS 

—  Body  temperature  and  pressure  saturated 

FlO: 

—  Fractional  concentration  of  inspired  oxygen 

ICU 

—  Intensive  care  unit 

PCO: 

—  Carbon  dioxide  partial  pressure,  or  tension 

Pq: 

—  Oxygen  partial  pressure,  or  tension 

PEEP 

—  Positive  end-expiratory  pressure 

Measurement  Theory 

It  has  been  said  that  measurement  theory  is  the 
conceptual  foundation  of  all  scientific  decisions.'' 
Measurement  provides  the  fundamental  basis  for 
research  and  development.  The  development  of 
mechanical  design  involves  three  elements:'  the 
inspirational,  the  rational,  and  the  experimental.  The 
inspirational  is  based  on  intuition  and  experience. 
Inspiration,  guided  by  common  sense,  provides  the 
creative  impetus  for  development.  The  rational  is 
based  on  laws  of  physics  and  mathematics.  It  provides 
the  tools  required  to  express  the  creative  impulse. 
The  experimental  is  based  on  measurement  of  the 
variables  pertaining  to  the  operation  of  the  device 
or  system  under  development.  Experimental  obser- 
vation provides  the  feedback  from  reality.  It  is  grist 
for  the  mill  of  developmental  evolution. 

Measurement  is  also  a  fundamental  element  of  any 
control  process.  The  concept  of  control  requires  that 
the  discrepancy  between  the  actual  and  desired 
performances  be  measured.  Control  systems  must 
sense  magnitude  and  direction  to  react  intelligently. 

The  two  fundamental  methods  of  measurement  are 
direct  comparison  with  a  standard  and  indirect 
comparison  through  the  use  of  a  calibrated  system. 
Measurements  of  length  and  weight  are  examples  of 
the  technique  of  directly  comparing  an  object  with 
an  accepted  standard  (eg,  a  ruler  or  standard  mass). 
In  the  ideal  situation,  the  standard  is  traceable 
(through  three  or  four  generations  of  copies)  to  the 
prototype  kept  by  the  National  Bureau  of  Standards. 

Indirect  comparisons  are  made  with  some  form 
of  transducer  connected  to  a  chain  of  signal- 
conditioning  and  display  or  recording  devices.  These 
components  may  be  referred  to  as  the  measuring 
system.  The  system  senses  information  about  the 


measured  object,  then  converts  and  presents  the 
information  in  the  form  of  an  analogous  displacement 
on  a  scale,  chart,  or  digital  display.  The  output  is 
adjusted  or  calibrated  by  comparison  to  a  known 
standard  to  provide  truthful  information  about  the 
physical  quantity,  property,  or  condition  that  the 
system  measures  (called  the  measurand)." 

A  calibration  is  said  to  be  traceable  if  it  can  be 
tracked  back  along  a  recorded  line  of  increasingly 
more  certain  calibrations  to  the  primary  standard  used 
in  the  SI  system  (usually  through  a  network  of 
laboratories  that  can  perform  the  service).  An 
instrument  has  no  traceable  validity  if  it  cannot  be 
proved  at  any  time  (especially  after  a  failure)  that 
its  readings  are  in  the  official  traceable  line. 
Malfunction  of  an  uncalibrated  and  non-traceable 
instrument  means  that  previously  collected  data  will 
not  be  comparable  to  future  data  because  there  is 
no  way  to  re-establish  the  calibration  to  give  the  same 
readings  after  repair.  Thus,  ensuring  traceability  for 
an  instrument  is  analogous  to  taking  out  insurance 
before  a  disaster  occurs. 

In  metrology,  the  word  error  has  two  meanings. 
The  primary  use  is  to  denote  the  difference  between 
a  measured  value  and  the  'true'  one.  The  true  value 
of  a  measurand  is  never  actually  determined,  but 
rather  is  assumed  either  on  the  basis  of  comparison 
with  a  standard  or  by  estimation  from  a  series  of 
measurements.  Alternatively,  error  refers  to  the 
uncertainty  in  a  measurement.  An  example  is  the 
expression  25  ±  3  mL,  where  ±  3  expresses  the 
uncertainty  in  terms  of  some  measurement  of 
repeatability  (eg,  the  standard  deviation  of  repeated 
measurements). 

Every  measurement  is  assumed  to  have  errors 
associated  with  it,  if  for  no  other  reason  than  that 
the  true  value  of  any  quantity  is  unknowable.  Even 
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standards  are  simply  the  best  estimate  of  a  true  value 
made  from  many  carefully  controlled  measurements. 
In  terms  of  measurement  theory,  errors  fall  into  two 
categories:  systematic  errors  and  random  errors. 

Random  errors  occur  in  an  unpredictable  manner 
due  to  uncontrollable  factors  and  can  result  in 
measurements  that  either  over-  or  underestimate  the 
true  value.  The  true  value  itself  may  vary  slightly 
in  a  random  fashion.  As  the  number  of  repeated 
measurements  of  the  same  quantity  increases,  random 
errors  tend  to  sum  to  zero.  Hence  the  mean  value 
of  repeated  measurements  converges  on  the  true  value. 
The  Central  Limit  Theorem  of  statistics  says  that  both 
the  sum  and  the  mean  of  a  set  of  random  values 
will  have  an  approximately  normal  distribution  if  the 
sample  size  is  sufficiently  large.*  This  provides  the 
basis  for  establishing  the  probability  of  a  given 
measurement  value  and  hence  the  confidence  in  the 
reliability  of  our  observations. 

Systematic  errors  occur  in  a  predictable  (although 
not  always  controllable)  manner  and  cause  measure- 
ments to  consistently  either  under-  or  overestimate 
the  true  value.  Systematic  errors  are  not  affected  by 
the  number  of  repeated  measurements  made  but  can 
be  reduced  by  proper  calibration.  However,  calibra- 
tion does  not  improve  random  error. 

The  effects  of  measurement  errors  may  be  expressed 
as: 

Measured  value  =  true  value  +  systematic  error  +  random  error. 

The  observed  measurement  is  seen  as  the  sum  of 
the  true  value  and  the  errors.'*  The  goal  is  to  identify 
and  minimize  measurement  errors. 

Inasmuch  as  all  measurements  contain  random  and 
systematic  errors  regardless  of  how  hard  we  try  to 
eliminate  them,  they  may  be  called  'legitimate'  errors.* 
Specific  sources  of  random  and  systematic  errors  and 
techniques  to  minimize  them  are  discussed  in  the 
section  on  instrumentation  science. 

There  is  a  class  of  avoidable  errors  that  may  be 
considered  'illegitimate,'^  and  should  never  be  allowed 
to  creep  into  measurements.  These  include  blunders 


♦However,  the  error  in  any  measurement  ma>  oe  eliminated 
by  multiplying  the  measured  value  by  the  Primiano  Universal 
Correction  Coefficient,  ie,  the  ratio  of  the  true  value  to  the 
measured  value  (a  playful  personal  communication  from  FP 
Primiano  Jr). 


or  outright  mistakes  in  reading  instruments  and  in 
controlling  the  conditions  of  the  experiment  and  errors 
in  performing  calculations.  So-called  chaotic  errors 
resulting  from  environmental  disturbances  (eg, 
vibration  or  contaminating  substances)  that  are  of 
sufficient  magnitude  to  obscure  measurement  data 
are  also  to  be  avoided. 


5,7 


Instrumentation  Science 

Instrumentation  science  involves  the  practical 
application  of  measurement  theory  to  actual 
measurement  systems.  The  instrumentation  perfor- 
mance characteristics  relating  to  error  assessment  are 
accuracy  and  precision. 

Accuracy 

Accuracy  is  a  term  whose  definition  is  somewhat 
ambiguous,  depending  upon  how  it  is  used.  In  general, 
accuracy  refers  to  the  maximum  difference  between 
a  measured  value  and  the  true  value,'^  and  is  often 
expressed  as  a  percentage  of  the  true  value: 

,„,      measured  value  -  true  value       

Accuracy  (%)  = . ,._, x  100. 


true  value 


Some  authors  ~  define  accuracy  as  a  reflection 
of  systematic  error,  or  the  difference  between  the  mean 
value  of  a  large  number  of  repeated  measurements 
and  the  true  value  (which  is  the  definition  of  the 
statistical  term  bias).  That  is,  an  instrument  that  has 
high  accuracy  has  low  systematic  error.''  However, 
there  seems  to  be  no  logical  reason  to  limit  the 
definition  of  accuracy  to  systematic  error.  In  fact, 
it  appears  to  contradict  the  general  definition  of 
accuracy  as  the  difference  between  the  measured  and 
true  value  (about  which  there  is  no  disagreement) 
because  the  difference  may  always  have  some 
component  of  both  systematic  and  random  error. 
Also,  as  a  practical  matter,  when  a  measurement  is 
taken,  all  one  really  wants  to  say  is  that  it  probably 
is  not  incorrect  by  more  than  some  specific  amount. 
One  recognizes  the  inherent  uncertainty  (ie,  random 
error)  of  a  measurement  and  expects  that  to  be 
included  in  the  accuracy  specification. 

A  more  consistent  definition  of  accuracy  (and  the 
one  most  commonly  implemented  by  manufacturers) 
is  that  of  maximum  or  total  error  (ie,  the  sum  of 
systematic  and  random  errors)  regardless  of  type, 
source,  or  direction  (positive  and  negative  random 
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errors  are  assumed  to  be  of  the  same  magnitude).'*'''' 
Manufacturers  use  a  variety  of  methods  to  arrive  at 
accuracy  specifications  for  their  instruments.  Yet,  they 
generally  include  random  and  systematic  error  in  the 
specification  as  a  statistical  estimate  for  a  given  reading 
(eg,  mean  ±  2  standard  deviations).  However,  some 
manufacturers  specify  the  worst  case  accuracy  as  a 
nonstatistical  value  corresponding  to  the  maximum 
error  value  found  during  the  creation  of  a  calibration 
curve  (ie,  the  largest  horizontal  distance  from  any 
datapoint  to  the  curve''').  Accuracy  specifications  may 
be  related  to  a  time  frame  (ie,  different  specifications 
apply  to  24-hour,  90-day,  and  1 2-month  time  intervals 
after  calibration)  to  account  for  drift. 

Accuracy  is  commonly  expressed  as  a  percentage 
of  the  full-scale  reading  (Fig.  lA).  For  example,  a 
reading  of  80  on  a  scale  of  0- 1 00  may  have  a  stated 
accuracy  of  ±  1%  of  full  scale  (ie,  +  2%  of  100), 
implying  that  the  true  value  may  be  as  low  as  78 
and  as  high  as  82.  For  instruments  with  digital 
readouts,  there  may  be  a  specification  of  ±  a  given 
number  of  digits.  Both  of  these  formats  indicate  a 
constant  error.  Alternatively,  instrument  accuracy 
may  be  specified  in  terms  of  a  percentage  of  the  actual 
reading  (Fig.  IB),  which  indicates  proportional  error. 
(Constant  and  proportional  errors  are  defined  and 
explained  below.)  If  accuracy  (in  %)  is  unqualified, 
full  scale  is  assumed.^  Accuracy  may  also  be  expressed 
in  the  form  "±%  full  scale  or  ±%  of  reading, 
whichever  is  larger"  (Fig.  IC).  The  importance  of 
these  different  ways  of  specifying  accuracy  is  detailed 
later. 

Unfortunately,  the  common  usage  of  the  term 
accuracy  is  counterintuitive.  An  instrument  that  is 
considered  highly  accurate  will  have  a  low  value  for 
its  accuracy  rating  and  vice  versa.  The  term  inaccuracy 
more  'accurately'  describes  the  instrument's  rating, 
although  marketing  managers  mysteriously  avoid  this 
nomenclature. 

Precision 

A  set  of  repeated  measurements  of  the  same 
quantity  generally  exhibits  some  small  differences 
among  the  observed  values.  Precision  is  defined  as 
the  degree  of  agreement  between  repeated  results  and 
is  a  quantification  of  random  error. '•^■'''"  Dealing  with 
the  uncertainties  of  random  error  necessitates  the  use 
of  statistical  procedures.  The  most  common  way  of 
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Fig.  1.  Various  conventions  used  to  express  the 
instrument  accuracy  specification:  (A)  as  ±  %  of  full 
scale;  (B)  as  ±  %  of  reading;  (C)  as  ±  %  of  full-scale 
or  ±  %  of  reading,  wtiichever  is  greater. 
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assessing  agreement,  and  hence  specifying  precision, 
is  to  calculate  a  statistic  based  on  the  difference 
between  individual  values  and  the  mean  value  of  the 
sample.  The  mean  value  of  a  sample  of  data  is  defined 
as: 


j^^Xi+X2  +  . 


+  x„ 


^I>^.. 


(1) 


where  n  is  the  sample  size.  As  the  number  of  repeated 
measurements,  n,  increases  toward  infinity,  the  mean 
value  of  the  measurements  approaches  the  mean  value 
of  the  theoretical  population  of  all  possible  repeated 
measurements,  fx,  which  is  assumed  to  be  the  true 
value  (assuming  that  systematic  error  is  zero).''  It 
follows  that,  for  any  finite  sample  of  data,  not  only 
do  the  individual  values  differ  but  the  mean  value 
differs  from  the  true  value.  The  variability  in  the  raw 
data  due  to  random  error  causes  a  proportional 
variability  in  the  difference  between  the  mean  and 
true  values.  In  any  case,  the  sample  mean  is  used 
as  the  best  estimate  of  the  true  value,  with  large  sample 
sizes  being  preferable. 

The  difference  between  an  individual  measurement 
and  the  mean  (ie,  the  deviation)  is  the  random  error 
of  that  particular  measurement.  Random  error  is 
assumed  to  follow  a  Gaussian  or  normal  distribution 
and  is  usually  quantitated  in  terms  of  the  square  root 
of  the  average  squared  deviation  (ie,  the  standard 
deviation,  S,)  for  the  group  of  repeated  measurements: 


1=1 


(2) 


When  calculated  according  to  Equation  2,  the 
standard  deviation  of  the  sample  is  a  point  estimate 
of  the  standard  deviation  of  the  theoretical  population 
of  repeated  measurements,  o.  (A  point  estimate  is 
the  best  guess  for  the  true  value  of  a  population 
parameter  based  on  a  single  sample.) 

Under  the  assumption  of  normality,  it  is  possible 
to  assign  a  probability  to  random  error  statements. 
We  can  think  either  in  terms  of  the  size  of  the  random 
error  itself  or  in  terms  of  the  scatter  of  the  actual 
measurements  around  the  mean  value  caused  by 
random  error.  For  example,  we  can  say  that  95% 
of  the  random  errors  will  be  smaller  than  1.96  or 
approximately  2  standard  deviations.  Stated  differ- 
ently, 95%  of  individual  measurements  are  expected 
to  lie  within  the  range  of  measured  values  from  two 
standard  deviations  below  the  mean  value  to  two 
standard  deviations  above  the  mean  value.  Such  a 


range  is  referred  to  as  the  error  tolerance  or  tolerance 
interval.  "  ''  Because  the  tolerance  interval  includes 
the  mean,  or  estimated  true  value,  we  can  say  that 
the  tolerance  interval  is  the  range  of  measured  values 
that  contains  the  true  value  with  a  specific  confidence 
level.  A  '2-sigma'  error  (ie,  tolerance  interval  based 
on  two  standard  deviations)  is  the  one  most  commonly 
specified  by  manufacturers,  although  tolerance 
intervals  using  other  multiples  of  the  standard 
deviation  are  sometimes  reported.  Table  1  lists  some 
random  error  estimates  based  on  a  normal 
distribution. 

Table  1.  Error  Estimates  Based  on  a  Normal  Distribution 


Chance  that  a 

Confidence 

single  value 

Name 

Symbol 

level 

will  be  greater 

Probable  error* 

Ep 

50% 

1  in  2 

Standard  deviationf 

a 

32% 

1  in  3 

2-sigma  error 

2a 

5% 

1  in  20 

2.58ff 

1% 

1  in  100 

3-sigma  error| 

3a 

0.27% 

1  in  370 

*Also  known  as  mean  deviation  (equal  to  0.6745o). 

to  represents  the  standard  deviation  of  a  population  (S  represents 

the  standard  deviation  of  a  sample  taken  from  a  population 

and  is  used  as  the  best  estimate  of  a). 
JAIso  called  the  practical  maximum  error  of  a  single  measurement. 


For  a  given  set  of  measurements,  as  the  tolerance 
interval  widens  the  more  confident  we  become  that 
it  contains  the  true  value.  On  the  other  hand,  when 
one  compares  two  or  more  sets  of  measurements  or 
error  specifications,  the  one  with  the  smallest  tolerance 
interval  represents  the  greatest  precision,  assuming 
that  the  tolerance  intervals  are  all  defined  the  same 
way  (eg,  as  2-sigma  intervals).  It  is  important  to 
remember  that  the  tolerance  interval  reflects  the 
variability  of  the  method  or  of  the  quantity  being 
measured  or  both,  depending  on  the  design  of  the 
experiment. 

Analogous  to  the  tolerance  interval  is  the  concept 
of  a  confidence  interval.  As  stated  above,  sample 
statistics  such  as  the  mean  and  standard  deviation 
are  point  estimates  of  population  parameters. 
Different  samples  yield  different  values  for  these 
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estimates.  For  example,  the  sample  mean  is  assumed 
to  have  a  normal  distribution  with  a  mean  value 
equal  to  the  population  mean  and  a  standard  deviation 
(SX,  also  called  the  standard  error  of  the  mean,  or 
SEM)  given  by: 


Sx 


vfi 


(3) 


Thus,  if  we  construct  a  range  of  values  to  include 
an  appropriate  number  of  standard  errors  above  and 
below  the  sample  mean,  it  will  represent  a  confidence 
interval  (CI)  that  contains  the  true  value  of  the 
population  mean  957c  of  the  time: 

!S\. 


CI  for  n  =  X  ±  ta;2 


Vn/ 


(4) 


where  t  is  the  two-tailed  t  statistic  for  the  desired 
confidence  level  and  n  -  1  degrees  of  freedom. 

Confidence  intervals  can  be  constructed  for  the 
standard  deviation  as  well  as  for  other  statistics.  Note 
the  difference  between  a  tolerance  interval  and  a 
confidence  interval — the  former  is  a  range  of 
individual  measurement  values,  whereas  the  latter  is 
a  range  of  calculated  parameter  values.  As  such,  a 
tolerance  interval  is  larger  than  a  confidence  interval. '" 
Precision  should  not  be  confused  with  resolution, 
defined  as  the  smallest  incremental  quantity  that  can 
be  measured.''  Resolution  is  an  inherent  but  often 
overlooked  limitation  of  the  ubiquitous  digital  display. 
A  digit  in  such  a  display  changes  only  when  the 
sensor  of  the  measurement  device  detects  a  change 
of  some  minimum  amount.  Any  change  less  than 
this  threshold  amount  is  ignored.  For  example,  digital 
pressure  monitors  for  use  with  ventilators  are  often 
designed  to  read  out  in  increments  of  1.0  cm  H;0. 
When  used  to  make  repeated  measurements  of  the 
PEEP  level,  for  example,  they  may  give  very  precise 
(ie,  unvarying)  readings  but  do  not  reflect  pressure 
changes  less  than  1.0  cm  H:0  resulting  from 
vibrations  caused  by  condensation  in  the  ventilator 
delivery  tubing.  Of  course,  such  small  changes  may 
be  of  no  interest  most  of  the  time;  but,  if  they  were, 
such  a  measuring  device  would  have  insufficient 
resolution. 

Like  accuracy,  the  common  usage  of  the  term 
precision  is  counterintuitive  because  a  measurement 
considered  to  be  highly  precise  has  a  small  deviation 
from  the  true  value  and  vice  versa.  To  avoid  further 
confusion  regarding  nomenclature,  I  will  use  the  term 
inaccuracy  to  mean  the  total  error  of  a  measurement, 
bias  to  mean  systematic  error,  and  imprecision  to 


mean  random  error.  Therefore,  a  highly  inaccurate 
measurement  is  one  that  is  highly  biased  and/or  highly 
imprecise  (a  scheme  used  by  Doebelin'^  and  by 
Bourke  et  al'  ).  In  terms  of  instrumentation  science: 


measured  value 


true  value  ±  bias  ±  imprecision, 
true  value  ±  total  error, 
true  value  ±  inaccuracv. 


Thus,  we  interpret  an  inaccuracy  specification  as 
meaning  that  any  measurement  of  a  known  value 
is  within  the  given  range  with  a  given  probability. 
The  converse  of  the  statement — that  the  true  value 
is  within  the  same  range  from  the  measured  value — 
is  not  always  correct  (see  Interpreting  Error 
Specifications  below).  Thus,  if  inaccuracy  is  positive, 
the  measured  value  is  said  to  overestimate  the  true 
value  and  vice  versa.  The  effects  of  bias  and 
imprecision  on  measurements  are  illustrated  in  Figure 
2. 

Severinghaus  et  al'^  '"*  have  created  an  index  of 
total  error  they  call  "ambiguity."  It  is  defined  as  the 
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Fig.  2.  An  illustration  of  the  concepts  of  bias  and 
imprecision  (ie,  systematic  and  random  error)  and  their 
effect  on  accuracy,  using  the  analogy  of  target  practice 
at  a  rifle  range.  The  pattern  of  shots  with  low  imprecision 
is  clustered  either  away  from  the  bull's  eye  (A),  with  high 
bias,  or  around  the  bull's  eye  (B),  with  low  bias.  The 
pattern  with  high  imprecision  is  scattered  either  away 
from  the  bull's  eye  (C).  with  high  bias,  or  around  the 
bull's  eye  (D).  with  low  bias.  The  most  accurate  pattern 
IS  shown  in  B — low  bias  and  low  imprecision. 
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absolute  sum  of  bias  and  precision  (ie,  mean  and 
standard  deviation  of  error),  preserving  the  sign  when 
bias  is  significant  at  p  <  0.05. 

Sources  of  Error:  Bias  and  Imprecision 

Having  identified  the  two  main  categories  of 
inaccuracy,  bias  and  imprecision,  I  will  now  examine 
specific  sources  of  such  errors.  First,  however,  it  is 
important  to  review  the  concept  of  linearity  and  the 
related  concept  of  calibration. 

Linearity 

Most  instruments  are  designed  to  have  a  linear 
output.  This  means  that  a  plot  of  the  data  representing 
the  output  of  the  device  (ie,  the  measured  values) 
versus  the  input  (ie,  the  known  or  standard  values) 
can  be  fitted  with  a  straight  line.  Furthermore,  the 
ratio  of  output  to  input  (referred  to  as  static  sensitivity) 
remains  constant  over  the  operating  range.  The 
importance  of  linearity  is  that  once  a  measurement 
system  is  calibrated  with  at  least  one  known  input, 
unknown  input  values  will  be  faithfully  represented 
by  the  output  over  the  linear  range. 

The  linearity  (or  rather  nonlinearity)  specification 
for  a  system  can  be  assessed  by  first  fitting  the  best 
straight  line  to  the  instrument's  response  curve  over 
the  range  of  acceptable  input  values.  Then  linearity 
is  characterized  as  the  maximum  allowable  deviation 
from  this  line  expressed  as  a  percentage  of  full  scale 
or  as  a  percentage  of  the  reading — similar  to  the  way 
that  inaccuracy  is  specified  (except  that  the  linearity 
specification  is  relative  to  the  best  straight  line  through 
the  data,  whereas  accuracy  is  relative  to  the  line  of 
identity).'"  '■*  For  a  device  with  negligible  bias,  the 
specification  of  nonlinearity  is  equivalent  to  the 
nonstatistical  specification  of  overall  accuracy 
(mentioned  earlier)  because  the  straight  line  that  best 
fits  the  data  is  the  line  of  identity.  Thus,  some 
commercial  instruments  give  only  a  linearity 
specification  and  not  an  accuracy  specification.  On 
the  other  hand,  an  accuracy  specification,  but  not 
a  linearity  specification,  may  be  given  if  linear 
behavior  of  the  device  is  implied  by  a  fixed  sensitivity 
specification.''' 

A  more  sophisticated  procedure  is  to  calculate  the 
harmonic  distortion.  A  nonlinear  system  will  produce 
frequency  components  (harmonics)  in  the  output  that 
are  not  present  in  a  sinusoidal  input  signal  (which 


oscillates  at  the  fundamental  frequency).  Harmonic 
distortion  is  calculated  from  the  output  signal  as: 

/  sum  of  the  squares  \ '/: 

of  amplitudes  of  all  harmonics 


harmonic  distortion 


square  of  amplitude  of  the 
fundamental  frequency 


The  higher  the  value  for  the  harmonic  distortion,  the 
more  nonlinear  the  system  is  judged  to  be.*'^°'^' 

Calibration 

When  a  measurement  system  is  made,  the 
manufacturer  will  often  supply  with  it  a  calibration 
curve.  This  is  simply  a  plot  of  the  instrument's  output 
for  a  series  of  known  inputs.  For  devices  like 
rotameters  and  pneumotachometers,  these  curves  are 
necessary  to  convert  the  output  of  the  device  during 
use  into  accurate  measurements  because  its  output 
to  input  characteristics  cannot  be  changed.  For  other 
types  of  devices,  such  as  electronic  pressure 
transducers  and  gas  concentration  analyzers,  it  is 
possible  to  change  the  output  to  match  known  values. 
Thus,  before  the  device  is  used  it  must  be  calibrated. 

For  a  linear  measurement  system,  calibration  can 
be  a  simple  two-step  procedure.  First,  the  readout 
is  set  to  zero  while  no  input  signal  is  applied  to  the 
instrument.  (A  modification  of  this  is  to  select  a  known 
input  signal  having  a  low  value  on  the  readout  scale 
such  as  the  use  of  2 1  %  oxygen  during  the  calibration 
of  an  oxygen  analyzer.)  Next,  the  sensitivity  (gain 
or  slope)  is  set  by  applying  an  input  signal  of  known 
value  (such  as  100%  oxygen  for  an  oxygen  analyzer), 
preferably  at  the  upper  end  of  the  output  range,  and 
adjusting  the  readout  to  this  value  (Fig.  3).  If  the 
instrument  has  good  linearity,  the  readouts  for  all 
input  values  between  these  two  calibration  points  will 
be  accurate.  The  measured  values  during  an 
experiment  will  be  very  near  the  true  values,  and 
the  response  curve  will  closely  follow  the  line  of 
identity. 

If  very  accurate  measurements  are  required  over 
a  limited  range  of  the  measurement  scale,  the  device 
should  be  calibrated  to  a  known  value  close  to  the 
value(s)  of  the  quantity  to  be  measured.  It  may  then 
be  possible  to  construct  a  new  response  curve  and 
error  rating  for  that  portion  of  the  scale  that  is  expected 
to  be  used. 

This  leads  to  another  question.  What  gold  standards 
are  appropriate  for  the  calibration  of  respiratory  care 
equipment?   Many   respiratory   devices   measure 
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pressure,  volume,  and  flow.  The  primary  calibration 
procedure  for  static  pressure  transducers  utilizes  a 
liquid  manometer,  for  volume  transducers  a  calibrated 
syringe,  and  for  flow  transducers  volumetric 
displacement  (eg,  using  a  spirometer)  by  a  constant 
flow  over  a  known  period  of  time  (assuming  that 
the  spirometer  and  timing  device  are  accurately 
calibrated).  An  alternative  (static)  flow-calibrating 
procedure  involves  connecting  the  flow  measurement 
system  to  a  calibrated  laboratory-grade  rotameter.*'" 
Such  devices  should  be  calibrated  at  known  values 
spanning  the  entire  range  of  expected  measurements. 
In  addition,  dynamic  as  well  as  static  (ie,  steady  state) 
calibrations  should  be  made  when  appropriate.  A 
typical  example  of  this  is  the  American  Thoracic 
Society  recommendation  for  using  standardized 
waveforms  as  inputs  to  pulmonary  function  evalua- 
tion equipment." 

Gas  analysis  devices  are  calibrated  with  reference 
gas  mixtures,  for  which  component  concentrations 
are  certified  by  the  vendor.  Partial  pressure  measure- 
ments are  checked  using  values  calculated  from 
known  gas  concentrations  and  accurate  pressure 
measurements.  Analyzers  should  be  checked  for 
linearity  and  accuracy  using  at  least  three  concen- 
trations of  gas  over  the  entire  range  of  the  instrument. '" 

It  is  interesting  to  note  that  some  widely  used 
devices  are  not  routinely  calibrated.  Their  day-to- 
day performance  is  taken  solely  on  blind  faith  that 
the  manufacturer  would  not  sell  an  inaccurate  product 


correct  gain 


adjust 
offset 


desired  response 


pre-calibration 
response 


^ — «known  values ^ 

Input 

Fig.  3.  The  2-point  calibration  procedure.  The  readout 
is  set  to  zero  with  no  input  signal  or  one  of  low  value 
applied;  then  the  sensitivity  (gain  or  slope)  is  set  by 
applying  a  known  signal  of  high  value. 


or  that  the  device  operates  the  same  as  it  did  when 
new.  Electronic  thermometers  and  sphygmomano- 
meters are  two  examples,  but  perhaps  the  most  glaring 
example  is  the  pulse  oximeter.  This  device  is  used 
daily  to  make  life  support  decisions,  yet  the  user  is 
not  able  to  calibrate  the  output  and  manufacturers 
do  not  supply  a  calibration  curve.  Early  models  of 
the  Hewlett-Packard  ear  oximeter  did  include  a  filter 
that  served  as  a  standard,  and  I  wonder  why  current 
devices  are  not  similarly  equipped.  One  could  argue 
that  the  accuracy  of  these  devices  is  not  critical. 
However,  this  depends  on  how  they  are  used  and 
the  types  of  decisions  they  support.  Aside  from  this, 
it  seems  imprudent  to  assume  either  impeccable 
quality  control  during  production  or  the  consistent 
performance  of  a  device  over  extended  periods  of 
use. 

Sources  of  Bias 

Constant  error:  If  the  zero  point  is  not  set  correctly 
but  the  gain  is  correct,  the  instrument  will  be  biased 
and  will  read  consistently  low  or  high  over  the  entire 
scale.  This  form  of  bias  is  referred  to  as  constant 
or  offset  error  (Fig.  4A).^"'^'"  Drift  error  is  a  form 
of  time-dependent  offset  error  in  which  the  bias  is 
minimal  to  start  with  but  increases  over  time  as  the 
instrument  is  used.  Analog  integrators  are  particularly 
susceptible  to  drift  and  need  to  be  constantly  rezeroed. 

Proportional  error:  On  the  other  hand,  if  the  zero 
point  is  set  correctly  but  the  gain  is  wrong,  the  bias 
will  be  dependent  on  the  input  level.  The  higher  the 
true  input  value,  the  greater  the  error  (either  higher 
or  lower  than  true  value)  in  the  measured  value.  This 
is  known  as  proportional  error  (Fig.  4B).'*"'^'^' 
Constant  and  proportional  errors  can  occur  together 
or  independenUy. 

Range  error:  Even  with  proper  calibration,  other 
errors  may  arise.  Range  error  occurs  when  the  true 
value  of  the  input  signal  is  outside  the  operating  range 
of  the  instrument  (Fig.  4C).  Signals  that  are  either 
below  or  above  the  calibrated  scale  values  may  be 
clipped  (ie,  the  true  value  changes  but  the  readout 
does  not).  A  more  insidious  form  of  range  error  occurs 
when  the  instrument  continues  to  give  a  readout  for 
over-range  values  but  with  proportional  or  hysteresis 
errors.  In  the  worst  case,  the  instrument  may  be 
damaged  and  fail  when  exposed  to  over-range 
conditions. 
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Fig.  4.  Common  sources  of  error  in 
measurement  systems:  (A)  constant 
systematic  error;  (B)  proportional 
systematic  error;  (C)  over-range  error 
introduced  when  measurements  are 
made  beyond  the  highest  calibrated 
level;  (D)  hysteresis. 
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Hysteresis:  If  an  instrument  gives  a  different  reading 
for  a  given  signal  value  depending  upon  whether  that 
value  is  approached  from  a  larger  or  smaller  reading 
(ie,  the  input  is  decreasing  or  increasing),  the  device 
is  said  to  show  hysteresis  ( Fig  4D )."  " '  Hysteresis  errors 
may  be  all  positive,  all  negative,  or  a  mixture  of 
both.  It  is  possible  to  mistake  this  form  of  error  for 
random  error  unless  the  order  in  which  observations 
are  made  is  noted. 

Response  time:  Response  time  is  a  measure  of  how 
long  it  takes  a  device  to  respond  to  a  step  change 
(ie,  an  instantaneous  change  trom  one  constant  level 
to  another)  in  the  measurand.*'  There  are  two  accepted 
methods  for  stating  response  time.  The  first  is  simply 
to  give  the  time  constant,  which  is  the  time  required 
for  the  device  to  read  63%  of  the  step  change  ( Fig. 
5C)."  For  example,  if  an  oxygen  analyzer  giving  a 
stable  reading  in  room  air  is  immediately  exposed 
to  1009c  oxygen,  the  time  constant  is  the  time  required 
for  the  meter  to  read  509?  (ie,  0.63  x  [IQO  -  21]). 
The  advantage  of  specifying  the  time  constant  is  that 
the  time  required  to  measure  any  given  percentage 
of  the  step  change  can  be  calculated  from  the  equation: 


measured  value  (%)  =  lOOAd-e"^), 

where  A  is  the  magnitude  of  the  step  change,  t  is 
time  measured  from  the  beginning  of  the  step  change, 
e  is  the  base  of  the  natural  logarithm  (—2.72),  and 
T  is  the  time  constant. 

The  other  way  of  stating  response  time  is  to  give 
the  time  necessary  to  reach  90%  of  the  step  change 
(sometimes  modified  as  the  time  to  go  from  10% 
to  90%).  For  example,  a  90%  response  time  of  about 
100  ms  is  required  for  breath-by-breath  analysis  of 
respiratory  gases.'"  Slow  response  times  can  cause 
errors  during  calibration  if  the  user  does  not  allow 
enough  time  for  the  instrument  to  stabilize  at  the 
known  values.  For  practical  purposes,  it  takes  about 
five  time  constants  to  reach  a  steady  state  value. 

Frequency  response:  Frequency  response  is  a 
measure  of  an  instrument's  ability  to  accurately 
measure  an  oscillating  signal.*' '"'  This  performance 
characteristic  is  expressed  in  the  form  of  two  relations: 
(1)  the  measured  signal  amplitude  (expressed  as  the 
ratio  of  output  to  input)  as  a  function  of  signal 
frequency    and    (2)   the   phase  shift  (between   the 
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displayed  signal  and  the  actual  signal)  as  a  function 
of  frequency.  A  device  that  is  calibrated  for  a  given 
frequency  range  may  exhibit  errors  in  the  magnitude 
and  timing  of  the  measured  signal  if  used  at  higher 
frequencies/  Measurement  systems  will  generally 
either  underestimate  (attenuate)  or  overestimate 
(amplify  due  to  resonance)  the  true  signal  amplitude 
as  the  frequency  increases  (Fig.  5D).  Frequency 
response  problems  are  especially  evident  for  pressure 
and  flow  measurements  and  with  instruments  that 
use  analog  meter  readouts.""  " 

Loading  error:  This  type  of  error  is  of  particular 
importance.  A  basic  axiom  of  measurement  theory 
is  that  the  measurement  process  inevitably  alters  the 
characteristics  of  both  the  source  of  the  measured 
quantity  and  the  measuring  system  itself,  from  which 
it  must  follow  that  some  difference  between  the 
measured  indication  and  the  corresponding  to-be- 


measured  quantity  is  always  present.^  For  example, 
placing  a  pneumotachometer  in  a  flow  stream  changes 
the  flowrate  because  of  the  added  resistance.  Also, 
when  electronic  devices  are  coupled  together, 
unrecognized  electronic  loading  can  occur  and 
produce  serious  error. 

Environmental  conditions:  If  a  measurement  system 
is  used  under  conditions  (eg,  of  pressure  or 
temperature)  that  differ  markedly  from  those  under 
which  it  was  calibrated  and  if  no  correction  is  made, 
systematic  errors  may  result.^  Typical  examples  are 
the  effects  of  barometric  pressure  and  humidity  on 
polarographic  oxygen  electrodes  and  the  effects  of 
gas  composition  on  pneumotachometers. 

Operator  errors:  Between-observer  variations  in 
measurement  technique  and  within-observer  habits 
(such  as  always  holding  one's  head  to  one  side  while 
reading   a   needle   and   scale   thereby   introducing 
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Fig.  5.  A.  A  low-pass  RC  filter,  an 
example  of  a  first-order  instrument 
(see  Respir  Care  1 982:27:276-281  for 
a  practical  application).  B.  Static 
sensitivity  for  constant  inputs.  C.  Step 
Ts  response  for  long  time  constants  (rj 
and  short  time  constants  T^.  D. 
Sinusoidal  frequency  response  for 
long-  and  short-time  constants. 
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parallax)  can  result  in  bias.'"  Human  observers  also 
exhibit  what  is  known  as  "digit  preference." '''' 
Anytime  an  observer  must  read  a  scale,  a  guess  must 
be  made  as  to  the  last  digit  of  the  measurement.  Most 
people  tend  to  prefer  some  digits  over  others.  For 
example,  a  blood  pressure  of  117/89  torr  is  rarely 
recorded.  Observers  tend  to  prefer  terminal  digits  of 
5  and  10.  Thus,  readings  such  as  120/85  torr  are 
far  more  commonly  recorded. ' 

A  related  issue  is  the  way  observers  round  numbers. 
The  use  of  digital  readouts  may  engender  this  issue 
if  the  device  provides  more  decimal  places  in  the 
result  than  are  required  by  practical  necessity  or 
clinical  relevance.  For  example,  some  blood  gas 
analyzers  report  pH  to  three  decimal  places  while 
clinicians  rarely  use  more  than  one  or  two.  Many 
people  will  round  a  number  with  a  terminal  digit 
of  5  to  the  next  highest  number.  However,  this  will 
lead  to  a  bias  toward  rounding  up  rather  than  rounding 
down  if  the  data  are  contaminated  by  terminal  digit 
bias.  To  avoid  this,  rounding  of  numbers  with  a 
terminal  digit  of  5  should  be  determined  by  the  digit 
to  the  left  of  the  5.  If  this  digit  is  even,  the  number 
should  be  rounded  down;  if  it  is  odd,  the  number 
should  be  rounded  up."  Thus,  3.45  is  rounded  to 
3.4,  whereas  6.15  is  rounded  to  6.2.  The  choice  of 
the  appropriate  number  of  significant  digits  to  use 
when  rounding  results  may  also  vary  among 
observers,  although  guidelines  are  available.'''"  As 
a  rule  of  thumb,  for  experiments  involving  10  or 
fewer  measurements,  the  imprecision  (ie,  standard 
deviation)  should  be  expressed  with  no  more  than 
two  significant  figures,  and  the  standard  error  with 
one."  Errors  of  judgment,  when  important,  can  be 
minimized  by  implementing  detailed  research 
protocols. 


Sources  of  Imprecision 

Noise:  Numerous  sources  of  random  error 
introduce  imprecision  into  measurements.  All 
measurements  are  subject  to  some  degree  of  noise, 
or  minor,  rapidly  changing  disturbances  caused  by 
a  variety  of  environmental  factors.  Electronic  and 
mechanical  components  of  measurement  systems  are 
affected  by  temperature,  pressure,  and  humidity 
changes  and  mechanical  disturbances  like  vibration. 
And,  we  are  continuously  bathed  in  a  sea  of  stray 


electromagnetic  radiation  (eg,  radio  and  television 
signals).  Electronic  devices  are  especially  susceptible 
to  the  60-cycle  noise  arising  from  electrical  power 
lines.  These  disturbances  may  be  difficult  to  trace 
and  are  not  affected  by  calibration  procedures.  They 
are,  however,  usually  considered  to  occur  randomly 
so  that  their  effects  cancel  out  if  enough  repeated 
measurements  are  made.  Noise  can  be  particularly 
disturbing  with  weak  signals  that  are  highly  amplified. 
The  noise  is  amplified  along  with  the  signal — 
eventually  placing  a  limit  on  the  sensitivity  of  the 
measurement. 

Nonlinearity:  Nonlinearity  of  the  measurement 
system  causes  imprecision  because  it  introduces  an 
unpredictable  error  that  varies  over  the  operating 
range,  depending  on  the  level  of  the  input  signal  (in 
contrast  to  a  proportional  error,  which  is  predictable). 
Many  instruments  in  common  usage  in  respiratory 
care  are  not  ideally  linear  but  are  adequate  for  their 
intended  applications.  Errors  due  to  nonlinearity  can 
be  minimized  by  calibrating  at  two  points  within  the 
range  in  which  most  measurements  will  be  made  (Fig. 
6).  Also,  the  use  of  microprocessors  makes  practical 
the  linearization  of  inherently  nonlinear  sensors. 

Operator  errors  can  also  be  random.  For  example, 
within-observer  variations  may  be  caused  by  reading 
a  dial  at  different  angles  and  thus  failing  to  judge 
the  exact  reading  consistently  or  preparing  transducers 
(eg,  transcutaneous  electrodes)  or  samples  inconsis- 
tently." 

Even  if  such  sources  of  error  are  minimized,  errors 
may  be  caused  simply  by  the  lack  of  a  precise 
definition  of  the  quantity  to  be  measured.'  A  classic 
example  of  this  in  pulmonary  physiology  is  the 
measurement  of  transpulmonary  pressure.  The 
definition  of  transpulmonary  pressure  implies  that 
there  is  a  single,  uniform  pressure  surrounding  the 
lungs.  However,  this  is  not  physiologically  true  and 
it  is  questionable  whether  a  representative  measure- 
ment can  really  be  made  even  with  a  catheter  in 
the  pleural  space.  Measurements  of  esophageal 
pressure  (assumed  to  reflect  pleural  pressure  changes) 
only  compound  the  potential  errors.'^ 


Propagation  of  Errors  in  Calculations 

It  is  often  the  case  that  a  physical  quantity  of  interest 
is  not  measured  directly  but  is  a  function  of  one  or 
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more  measurements  made  from  an  experiment.  For 
example,  resistance  and  compliance  of  the  respiratory 
system  are  not  measured  directly  but  are  calculated 
from  measurements  of  pressure,  volume,  and  flow. 
In  such  cases,  the  bias  and  imprecision  of  the 
calculated  parameter  depends  on  the  bias  and 
imprecision  of  the  measurements. 

Given  two  or  more  variables  (eg,  X  and  Y)  arid 
their  means  and  standard  deviations  (eg,  X, 
Y  and  Sx,  Sy),  we  are  interested  in  estimating  the 
mean  and  standard  deviation  of  a  calculated 
parameter  Z  (ie,  Z  and  S,).  For  this,  the  following 
equations  have  been  suggested.  ^ 

Sum  or  difference.  Let  Z  =  X±Y,  then: 


Z  =  X  +  Y 


Sz=Vs^  +  SV 


(Jeneral  product.  Let  z  =  aX''Y''....  then: 


Z  =  aX"Y^ 


'■-VlfHf 


(6) 


Logarithmic  Tunction.  Let  Z  =  a  Log  x,  then: 
Z  =  alogX 


S7  =  ?l^ 

X 


(7) 


Note  that  the  standard  error  of  Z  can  be  calculated 
by  substituting  the  standard  error  for  the  standard 
deviation  in  the  above  equations  for  the  general  linear 
combination  and  the  general  product.'^ 


General  linear  combinatins.  Let  Z  =  a  +  bX  +  cY  +  ....  then: 
Z  =  a  +  bX+cY  +  ...         Sz  =  V(bSx)2  +  (cSYf+...         (5) 

Product  or  quotient.  Let  Z  =  XY  or  Z  =  XA',  then: 


Y 


Z  =  XYorZ  =  ^        Sz  =  Z^/||ff+(l^f 


Instrument  Performance  Evaluation  Studies 

Any  evaluation  of  a  measurement  system  must 
address  one  fundamental  question:  Is  the  inaccuracy 
of  the  system  acceptable  for  the  intended  use?  More 
specifically,  we  usually  want  to  know  how  close  a 
single  measurement  value  is  to  the  true  value  and 
how  much  confidence  can  be  placed  in  it.  Before 


o 
u 

s 

3 
M 

o 

S 


o 
u 

•o 

t 

3 

s 


6- 

4 


instojrient 
response  * 


T-T~r~r 

Tru»  CO  2  (%) 


-I 
10 


O 

u 


2 


Trua  CO  2(%) 


Tru»  CO  j(%) 


Fig.  6.  Errors  due  to  instrument 
nonlinearity:  A.  an  ideal  response 
showing  perfect  linearity  and  proper 
calibration;  B.  logarithmic  response 
characteristic  of  an  unlinearized 
infrared  CO:  gas  analyzer  (zero  and 
gain  are  properly  adjusted  using  a  2- 
point  calibration  procedure,  but 
significant  errors  are  present  in 
measurements  between  the  calibra- 
tion points);  C.  partially  linearized 
instrument,  with  calibration  the  same 
as  in  B;  D.  partially  linearized  instru- 
ment with  the  same  response  char- 
acteristics as  shown  in  C  but  cali- 
brated with  low  and  high  gases  in  the 
range  of  expected  measurements. 
(Reprinted  from  Reference  36,  with 
permission.) 
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any  judgment  can  be  made,  we  must  ( 1)  have  decided 
beforehand  upon  what  level  of  inaccuracy  is 
acceptable  and  (2)  evaluate  the  inaccuracy  of  the 
system  in  question.  These  two  components  are  both 
elusive  and  confusing.  What  follows  is  an  attempt 
to  summarize  the  major  issues  and  provide  a  practical 
approach  to  performance  evaluation  experiments. 

Some  standard  of  allowable  inaccuracy  for  a  given 
type  of  measurement  is  required  before  a  particular 
device  can  be  judged  acceptable.  Such  standards  may 
be  generated  in  several  ways: 

1.  on  the  basis  of  the  intended  application.  For 
example,  a  simple  oxygen  analyzer  used  in  an  adult 
ICU  may  have  an  allowable  error  of  ±  1%  of  full 
scale  because  such  a  small  discrepancy  will  have  little 
clinical  effect.  However,  measurement  of  oxygen 
concentration  for  the  purpose  of  calculating  gas 
exchange  parameters  requires  much  better  accuracy. 
Norton'"'  has  shown  that  an  error  of  1%  in  the 
measurement  of  oxygen  concentration  leads  to  an 
error  of  247c  in  the  calculation  of  oxygen  consumption 
and  327^  in  the  calculation  of  respiratory  exchange 
quotient.  He  therefore  recommends  an  allowable  error 
of  0.1  ^r  for  oxygen  analyzers  used  for  these  purposes. 
On  the  other  hand,  he  demonstrates  that  an  error 
of  5  torr  (=1%)  in  the  measurement  of  barometric 
pressure  leads  to  a  negligible  error  (=0.02%)  in  the 
conversion  of  volume  from  ATPS  to  BTPS. 

2.  on  the  basis  of  the  inaccuracy  of  similar, 
commonly  used  measurement  systems  (eg,  the 
acceptance  of  pulse  oximetry  on  the  basis  of  results 
comparable  to  in-vitro  oximeters). 

3.  by  professional  consensus  (eg,  standards  set  by 
the  American  Thoracic  Society  and  the  International 
Standard  Organization). 

4.  by  arbitrary  statistical  methods  (eg,  if  the  standard 
deviation  of  the  measurement  method  is  one  fourth 
or  less  of  the  normal  population  standard  deviation, 
then  analytic  imprecision  may  be  judged  to  be 
negligible''). 

Note  that  even  if  the  allowable  error  can  be  agreed 
upon,  it  is  important  to  know  the  value  or  range 
of  values  of  measured  quantities  that  represent  cutoff 
points  for  medical  decisions.  For  example,  an 
imprecision  in  transcutaneous  Pq^  readings  of  ±  15 
torr  might  be  reasonable  for  Pq^s  above  100  torr, 
but  would  not  be  adequate  for  lower  values  in  the 
range  that  might  indicate  hypoxemia. 


A  conspicuous  lack  of  standards  exists  for  non- 
invasive measurement  systems  used  in  respiratory 
care.  Health  care  professionals  generally  accept  with 
open  arms  whatever  technology  is  developed.  The 
philosophy  seems  to  be  that  it  is  better  to  measure 
something  with  whatever  accuracy  the  state  of  the 
art  will  allow  than  to  not  be  able  to  measure  it  at 
all.  Yet,  this  overlooks  the  possibility  of  doing  harm 
by  basing  clinical  decisions  on  inaccurate  measure- 
ments. Sometimes  incorrect  information  is  worse  than 
no  information  at  all.  One  theoretical  example  is  the 
possibility  of  increasing  the  incidence  of  retrolental 
fibroplasia  in  premature  infants  as  a  result  of  using 
pulse  oximeters  to  adjust  Fio,- 

We  need  not  and,  perhaps,  should  not  look  outside 
of  our  own  profession  for  standards  regarding 
respiratory  care  instrumentation.  As  one  authority  has 
already  stated,  "One  principle  remains  clear:  If 
professional  organizations  do  not  take  an  active  role 
and  do  not  provide  the  assurance  of  quality  and 
professional  responsibility,  then  regulatory  and 
governmental  agencies  will  become  actively  involved 
in  the  process  and  will  set  the  rules  by  which  we 
practice  our  profession.  Therefore,  it  is  incumbent 
upon  pulmonary  professionals  to  take  the  lead  and 
to  prepare  standards  of  practice  for  our  profession." 

If  we  can  assume  that  some  standard  is  available 
for  a  particular  type  of  measurement,  the  next  problem 
is  to  quantitate  the  level  of  inaccuracy  that  the  system 
exhibits.  Two  general  categories  of  studies  are  to  be 
considered.  The  first  is  the  comparison  of  measured 
values  to  values  that  are  assumed  to  be  known  with 
negligible  error.  Examples  include  the  comparison 
of  measured  Pq^  to  various  calculated  levels  of 
tonometered  solutions,  the  comparison  of  electronic 
pressure  transducer  readings  with  readings  from  a 
water  manometer,  or  the  comparison  of  a  pneumo- 
tachometer  with  flowrates  indicated  by  a  laboratory 
rotameter.  In  each  case,  the  measurement  system  in 
question  is  first  calibrated  to  manufacturer's  directions, 
and  then  its  performance  is  compared  to  a  source 
of  theoretical  values  or  values  measured  with  systems 
so  accurate  that  their  readings  are  assumed  to  give 
true  values.  Because  the  true  values  are  assumed  to 
be  known  in  such  studies,  the  objective  is  to  estimate 
the  total  error  or  inaccuracy  of  a  given  measurement 
system. 
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The  second  type  of  study  involves  the  comparison 
of  one  measurement  system  to  another  when  both 
are  measuring  an  unknown  value.  Usually,  the 
purpose  of  such  a  study  is  to  compare  a  new  (perhaps 
quicker  and  less  expensive)  measurement  system  to 
an  existing  system  that  has  previously  been  judged 
acceptable.  Some  examples  include  the  comparison 
of  transcutaneous  Pq;,  PcO:'  and  oxygen  saturation 
measurements  with  measurements  of  blood  samples. 
The  true  \alues  of  these  variables  in  blood  samples 
taken  from  patients  are  never  known.  They  can  only 
be  estimated  using  accepted  measurement  systems  that 
have  been  properly  calibrated  and  maintained  with 
strict  quality  control  procedures.  Therefore,  the 
objective  is  to  discern  the  agreement  between  the 
two  systems. 

General  Experimental  Approach 

A  complete  examination  of  experimental  design 
is  beyond  the  scope  of  this  discussion.  In  general, 
however,  pairs  of  data  (ie,  measured  vs  expected 
values  or  values  from  two  methods  for  a  given  level 
of  input)  should  be  gathered  over  a  wide  range  of 
input  levels  (one  data  pair  per  input  level).  These 
data  provide  information  about  bias  and  some 
information  about  imprecision.  Additional  data  pairs 
may  be  gathered  from  repeated  measurements  at 
selected  input  levels  (ie,  critical  levels  corresponding 
to  cutoff  points  for  making  decisions)  to  provide  better 
estimates  of  imprecision.  The  sample  size  for  a  given 
experiment  will  be  limited  by  many  practical  factors. 
However,  the  larger  the  sample,  the  more  closely  the 
estimates  of  bias  and  imprecision  reflect  the 
characteristics  of  the  theoretical  population  (that  is, 
of  all  observations  made  with  a  given  measurement 
system). 

Experiments  should  be  planned  with  a  consider- 
ation of  the  possible  sources  of  bias  and  imprecision 
(discussed  above).  For  example,  to  estimate  the 
inaccuracy  expected  in  the  normal  daily  operation 
of  a  measurement  system,  data  should  be  collected 
over  the  entire  range  of  measurements  that  will  be 
used  clinically  and  over  a  period  of  days  to  account 
for  errors  due  to  the  magnitude  of  measurements  and 
to  variations  in  environmental  and  operator  factors, 
and  even  calibration  errors.  On  the  other  hand,  if 
knowing  the  inaccuracy  of  the  system  alone  is  desired, 


repeated  measurements  of  the  same  quantity  should 
be  made  within  a  short  time  frame  with  all  other 
conk)unding  factt)rs  held  as  constant  as  possible. 


Evaluation  of  Inaccuracy 


11.12,38 


Perhaps  the  most  commonly  recommended 
approach  to  the  assessment  of  total  error  involves 
linear  regression  analysis.  Of  course,  this  approach 
is  appropriate  only  if  the  data  are  judged  to  be  linear. 


Assessing  Linearity 

The  first  step  in  any  analysis  of  comparison  data 
is  to  make  a  scatter  plot  of  the  data.  The  data  set 
should  contain  at  least  six  known  input  levels  that 
range  from  the  lower  to  the  upper  limits  of 
measurement  and  should  include  values  near  medical 
decision  levels."  The  measured  value  (dependent 
variable)  is  plotted  on  the  Y-axis  against  the  known 
value  (independent  variable)  on  the  X-axis,  with  the 
line  of  identity  drawn  at  45°.  Assuming  that  the 
measurement  system  in  question  has  been  properly 
calibrated,  the  data  should  lie  close  to  the  line  of 
identity.  Linearity  is  assessed  as  the  tendency  for  the 
data  to  deviate  from  a  straight  line.  There  is  an 
alternative  method  of  plotting  the  data  that  sometimes 
shows  nonlinearities  more  clearly.'"  In  this  case,  the 
difference  between  data  pairs  is  plotted  on  the  Y- 
axis  against  the  known  value  on  the  X-axis,  with 
a  horizontal  line  drawn  through  zero  difference.  If 
the  magnitude  of  the  differences  is  not  constant  over 
the  range  studied,  either  a  proportional  error  or  a 
change  in  the  imprecision  is  present.  In  either  case, 
the  standard  error  of  the  estimate  may  be  misleading 
because  it  will  increase  as  values  of  X  increase.  If 
there  is  proportional  error,  the  coefficient  of  variation 
(ie,  the  standard  deviation  of  repeated  measurement 
values  divided  by  their  mean  value)  will  be  constant 
over  the  range  of  measured  values.  However,  in  this 
case,  it  has  been  shown  that  if  the  coefficient  of 
variation  is  less  than  20%,  the  least-squares  regression 
line  is  still  correct.'*" 

The  plot  of  the  data  should  be  inspected  for  outliers, 
or  values  that  depart  from  the  expected  distribution. 
Outliers  at  the  upper  and  lower  limit  of  the  range 
will  have  a  strong  effect  on  the  estimates  of  systematic 
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Table  2.  Factors  for  Determining  (a)  Outliers  in  Raw  Data;  (b) 
Tolerance  Intervals;  (c)  Confidence  Intervals  for  the 
Standard  Deviation  of  the  Mean  Value  (ie.  Standard 
Error  of  the  Mean)  of  a  Series  of  n  Measurements 
with  a  Known  Standard  Deviation^ 


(a) 


9 
10 
12 
15 
20 
25 
30 
40 
50 


(b) 


2 
4 
6 

8 

10 
12 
14 
16 
18 
20 
25 
30 
35 
40 
45 
50 
100 
1000 


(c) 


10 
12 
15 
20 
25 
30 
40 
50 


Confidence  level 


95% 
k 


4.42 
4.31 
4.16 
4.03 
3.90 
3.84 
3.80 
3.75 
3.73 


Confidence  level 


95% 


19.22 
3.25 
2.25 
1.90 
1.72 
1.61 
1.51 
1.48 
1.44 
1.40 
1.34 
1.30 
1.27 
1.25 
1.23 
1.21 
1.14 
1.04 
1.00 


Confidence  level 


95% 

ta/2 

7^ 


1.05 
0.84 
0.72 
0.64 
0.56 
0.47 
0.41 
0.37 
0.32 
0.28 


99% 
k 


7.10 
6.99 
6.38 
5.88 
5.41 
5.14 
5.00 
4.82 
4.70 


99% 
ki 


96.17 
5.69 
3.24 
2.52 
2.18 
1.97 
1.84 
1.75 
1.67 
1.62 
1.52 
1.45 
1.40 
1.37 
1.34 
1.31 
1.20 
1.06 
1.00 


99% 

ta/2 


1.65 
1.24 
1.03 
0.90 
0.70 
0.64 
0.56 
0.50 
0.43 
0.38 


error.  Outliers  near  the  center  of  the  range  will  have 
a  strong  effect  on  the  estimate  of  random  error.  Any 
of  the  sources  of  error  mentioned  previously  can  cause 
unusually  large  deviations  from  the  desired  linear 
relation.  An  outlier  is  identified  as  any  measurement 
that  is  more  than  k  standard  deviations  from  the  mean, 
where  k  is  based  on  the  sample  size  and  the  confidence 
level  (Table  2)."*  Any  occurrence  of  an  outlier  should 
be  examined  for  evidence  of  a  real  source  of 
nonlinearity  rather  than  being  treated  simply  as  a 
spurious  error.  The  occurrence  of  more  than  3 
unexplained  outliers  per  100  observations  suggests 
that  there  may  be  a  serious  problem  with  the 
measurement  system. 

In  some  cases,  a  subjective  judgment  of  the  degree 
to  which  the  data  follow  a  straight  line  is  sufficient. 
However,  it  is  possible  to  make  a  formal  decision 
based  on  statistical  analysis  (eg,  chi-square  anal- 
ysis).'^''  If  the  data  are  found  to  be  nonlinear,  they 
may  sometimes  be  put  into  a  linear  form  by 
logarithmic  transformation.  " 


Estimating  Bias 

Bias,  or  systematic  error,  can  be  estimated  using 
linear  regression  analysis.  The  general  idea  of  this 
procedure  is  to  fit  a  linear  equation  of  the  form 
Y  =  a  +  bX  to  the  set  of  comparison  data  using  the 
technique  of  least  squares.  (In  this  application  of 
regression  analysis,  it  is  important  to  remember  that 
X  and  Y  values  are  two  different  estimates  of  the 
same  quantity,  and  if  there  were  no  measurement 
error,  they  would  be  equivalent.)  The  least-squares 
method  minimizes  the  sum  of  the  squared  deviations 
about  the  regression  line  (ie,  vertical  distances  from 
actual  datapoints  to  the  line. 

Once  the  regression  equation  is  derived,  the 
predicted  value  of  Y  as  a  function  of  X,  symbolized 
Y,  can  be  calculated  as 

Y  =  a  +  bXo, 

where  Xq  is  the  known  (assumed  'true')  value  for 
which  a  predicted  value  of  Y  is  desired.  Y  represents 
the  estimated  mean  value  of  an  indeterminate  number 
of  repeated  measurements  of  Xq. 

The  derived  parameters  a  (the  estimate  for  the  Y 
intercept)  and  b  (the  slope  of  the  line)  give  estimates 
of  constant  and  proportional  systematic  errors.  Thus, 
the  difference  between  a  predicted  value  and  the 
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associated  true  value  represents  the  bias  (ie,  mean 
total  systematic  error)  of  the  measurement: 


bias  =  (Y  -  Xo). 


(8) 


Bias  calculated  in  this  way  is  a  point  estimate, 
the  value  of  which  changes  with  each  new  sample. 
A  confidence  interval  for  bias  may  be  expressed  as 
the  point  estimate  of  bias  ±  a  multiple  of  the  standard 
deviation  of  the  mean: 


CIforbias=(Y-Xo)±ta/2(|^)- 


(9) 


where  t  is  the  two-tailed  /  statistic  at  the  desired 
confidence  level  and  n  -  1  degrees  of  freedom;  S  is 
an  estimate  of  bias  in  the  form  of  a  standard  deviation 
of  the  Y  values.  This  estimate  may  be  be  obtained 
from  linear  regression  data  or  from  repeated 
measurements  of  a  known  quantity  as  explained 
below.  The  factor 

ta/2 

may  be  found  in  Table  2. 
Estimating  Imprecision 

Estimates  using  linear  regression  data:  If  a  linear 
equation  is  a  good  model  of  the  data,  then  the 
regression  line  connects  the  mean  values  of 
hypothetical  distributions  of  Y  for  each  level  of  X 
(Fig.  7).  The  distributions  of  the  observed  Y  values 
are  all  assumed  to  be  Gaussian,  or  normal,  and  to 
all  have  the  same  variance  (the  square  of  the  standard 
deviation).  The  differences  between  the  observed 
values  of  Y  and  those  predicted  by  the  regression 
equation  are  called  residuals.  Because  the  value 
predicted  by  the  regression  equation  is  the  estimated 
mean  value  of  repeated  measurements  and  hence  the 
best  estimate  of  the  true  value,  X,  the  residuals 
represent  the  random  errors  of  measurement.  The 
standard  deviation  of  the  residuals  (or  standard  error 
of  the  estimate,  Sy  •  x)  's  an  estimate  of  the  standard 
deviation  of  repeated  measurements  of  Y  at  any 
specific  value  of  X. 


17,40.42,43 


>Y  X 


V 


I(Y-Yf 


n-2 


(10) 


Thus,  Sy .  X  is  an  estimate  of  the  imprecision  of 
measured  values. 


Estimates  using  repeated  measures:  Depending  on 
the  experimental  conditions  under  which  the  data 
for  linear  regression  were  obtained  and  the  number 
of  observations  recorded,  the  use  of  the  standard  error 
of  the  estimate  may  not  reflect  the  true  imprecision 
associated  with  the  measurement  system.  When  only 
one  observation  has  been  obtained  for  each  input 
level,  nothing  is  known  about  the  repeatability  of 
the  measurement  (ie,  the  variation  in  repeated 
measurements  of  the  same  quantity) — only  the 
implicit  assumption  that  repeatability  is  the  same  over 
the  entire  range  of  measurement.  To  the  extent  that 
this  assumption  is  incorrect,  the  use  of  the  standard 
error  of  the  estimate  will  be  a  poor  estimate  of  random 
error  for  any  particular  measurement  level. 

Ideally,  imprecision  should  be  estimated  from  a 
separate  experiment  in  which  repeated  measurements 
of  a  known  value  are  made  under  conditions  that 
potentially  include  all  sources  of  random  error 
(detailed  above).  The  known  value  should  represent, 
where  applicable,  a  medical  decision  level,  that  is, 
a  value  below  which  one  decision  is  made  and  above 
which  some  other  decision  is  made.  For  example, 
a  transcutaneous  saturation  of  85%  is  considered  the 
level  below  which  a  patient  requires  supplemental 
oxygen  and  hence  is  eligible  for  Medicare  reimburse- 

.   44 

ment. 


Input 

Fig.  7  Alinear  regression  line  connects  the  mean  values 
of  the  hypothetical  distributions  of  Y  for  each  value  of 
X.  The  variances,  and  hence  the  standard  deviations 
of  the  distributions,  are  assumed  to  be  equal.  Thus, 
calculation  of  the  standard  error  of  the  estimate  is 
equivalent  to  grouping  together  all  the  measured  values 
into  one  distribution  and  calculating  the  standard 
deviation. 
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The  sample  size  for  repeated  measurements  of  a 
known  value  of  X  (ie,  total  number  of  repeated 
measurements)  should  be  no  less  than  20,  with  larger 
samples  being  preferable."  The  data  can  be  assessed 
for  normality  using  either  graphic  (ie,  plotting  the 
data  on  normal  probability  graph  paper)  or  statistical 
tests  (chi-square  or  Kolmogorov-Smirnov).^ '"  '■*  The 
standard  deviation  of  the  repeated  measurements 
(from  Equation  2)  is  calculated  and  used  to  estimate 
imprecision. 

Although  the  described  procedure  provides  a  good 
estimate  of  imprecision  for  one  particular  value  of 
the  measurand,  we  are  more  often  interested  in  the 
general  performance  of  the  measurement  system  over 
its  entire  range.  To  carry  the  procedure  to  its  logical 
extreme  would  require  large  samples  of  repeated 
measures  at  every  value  that  the  system  can  measure. 
For  example,  to  evaluate  a  new  digital  oxygen 
analyzer  (with  readouts  to  the  nearest  whole  percent) 
would  require  20  or  more  repeated  measurements 
of  80  known  oxygen  concentrations  from  21%  to 
100%  in  increments  of  1%  (totaling  at  least  1600 
measurements).  These  data  allow  the  construction  of 
a  table  that  shows  the  standard  deviation  of  repeated 
measurements  at  every  level  of  the  measurand.*  If 
we  assume  that  the  variances  of  the  repeated 
measurements  at  different  concentrations  of  oxygen 
are  not  very  different  and  are  not  related  to  level 
of  oxygen  concentration,  then  such  a  table  can  be 
accurately  summarized  by  taking  the  square  root  of 
the  average  variance.  This  estimate  of  imprecision 
can  then  be  interpreted  as  the  expected  standard 
deviation  from  repeated  measurements  of  any  value 
of  the  measurand. 

Of  course,  there  is  seldom  enough  time  or  money 
to  perform  the  described  evaluation  of  a  device, 
particularly  in  a  hospital  setting.  Yet  the  concept  can 
be  made  practical  simply  by  reducing  the  number 
of  repeated  measurements  at  each  level.  The  smallest 
number  of  measurements  that  allows  an  estimation 
of  the  standard  deviation  is  two.  By  taking  duplicate 
measurements  at  each  level  of  the  measurand,  it 
becomes  more  practical  to  increase  the  number  of 
levels.  This  approach  seems  more  feasible  and  still 
maintains  some  usefulness.  It  can  be  shown  that  the 
variance   (square   of  the   standard   deviation   from 


*At  least  one  manufacturer.  Radiometer,  has  approached  this 
level  of  description  in  their  specification  tables  for  blood  gas 
analyzer  electrodes  (see  ABL4  User's  Handbook). 


Equation  2)  of  a  set  of  duplicate  measurements  is 
equal  to  one  half  of  the  squared  difference  between 
the  two  measurements.'*  Thus,  an  estimate  of  the 
standard  deviation  of  repeated  measurements  based 
on  an  average  variance  of  a  set  of  duplicate 
measurements,  Sjup  is  given  by: 


Jdup  ■ 


(ii; 


where  d  is  the  difference  between  duplicates  and  n 
is  the  number  of  data  pairs.  " 

A  plot  of  the  differences  between  duplicate 
measurements  should  be  examined  and  their  average 
should  be  zero.  If  the  mean  difference  is  significantly 
different  from  zero,  we  can  conclude  that  the  first 
measurement  is  somehow  affecting  the  second  and 
the  data  cannot  be  used  to  assess  precision."*^  A  one 
sample  t  test  (testing  the  equivalence  of  the  mean 
difference  and  zero)  could  be  used  for  this. 

Note  that  if  the  imprecision  estimated  from  repeated 
measures  turns  out  to  be  significantly  smaller  than 
that  indicated  by  the  standard  error  of  the  estimate 
and  if  the  experiments  are  designed  to  include  the 
same  sources  of  random  error,  the  linear  model  is 
not  correct.'"  This  may  be  checked  statistically  using 

I-  .      ,1  l,41.4t. 

an  F  test. 

The  choice  of  using  replicate  measurements 
spanning  the  entire  range  of  input  values  is  affected 
by  many  considerations.  How  many  experimental 
runs  are  possible  given  limited  resources?  How  many 
runs  are  justified  by  the  importance  of  the  problem? 
How  many  input  levels  should  be  chosen  and  how 
many  repeat  runs  should  be  performed  at  each  level? 
These  study  design  issues  (along  with  the  effects  of 
including  repeat  data  in  linear  regression  analyses) 
can  be  dealt  with  in  quanfitative  terms  and  are 
explained  quite  well  in  the  text  by  Draper  and  Smith. ^ 

The  estimates  of  the  standard  deviation  of  a 
population  of  measured  values  described  are  point 
estimates.  A  confidence  interval  can  be  expressed  as: 


CI  for  S 


Xa/2.n  1 


(n-l)S2    ^  /  (n-l)S2 


Xl-a/2.n-l 


(12) 


where  S  is  some  estimate  of  the  standard  deviation; 
X'a/2,n  1  and  X-l-a/2,n-l  are  chi-square  values 
with  n-  1  degrees  of  freedom.  Weisbrot''  provides 
a  table  that  simplifies  the  use  of  Equation  12.  It  is 
derived  from  the  (n-  1)  and  X"  terms  in  Equation 
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12  and  the  tables  of  x'  values  created  by  Lindley 
etal 


48 


Estimating  Tolerance  Intervals 

In  assessing  imprecision,  we  are  frequently  less 
interested  in  estimating  parameters  and  more 
concerned  about  where  individual  measurements 
might  fail.  That  is,  we  are  interested  in  the  range 
of  values  we  expect  to  observe  from  repeated 
measurements  of  a  known  quantity.  If  the  true  mean 
and  standard  deviation  of  an  infinite  number  of 
repeated  measurements  were  known,  then  a  2-sigma 
error  band  could  be  expressed  as: 

TI  =  n±  1.960. 

This  interval  includes  exactly  95%  of  the  observed 
measurements  and  thus  we  can  say  with  95% 
confidence  that  any  single  measurement  will  lie  within 
this  range  of  values.  In  this  special  case,  the  confidence 
level  coincides  with  the  proportion  of  measurements 
encompassd  by  the  tolerance  interval.  However,  n 
and  a  are  unknowable.  Therefore,  we  must  substitute 
the  appropriate  point  estimates  X  and  S.  Because  of 
the  random  error  involved  with  estimating  the 
population  mean  and  standard  deviation,  the 
proportion  of  the  population  of  measured  values 
covered  by  the  tolerance  interval  is  not  exact.  As 
a  result,  the  confidence  level  must  be  calculated  based 
on  the  uncertainty  of  the  point  estimates  of  the 
population   parameters.   The   tolerance   interval   is 

J  38,47 

expressed  as: 


Tl  =  X±akiS, 


(13) 


where  ki  is  determined  so  that  one  can  assert  with 
the  desired  confidence  that  the  desired  proportion 
of  measured  values  will  lie  within  the  specified 
tolerance  limits.^  The  proportion  of  measurements 
that  we  wish  to  include  in  the  tolerance  interval  is 
determined  by  the  factor  a  in  Equation  13.  For  most 
purposes,  a  2-sigma  tolerance  interval  is  sufficient, 
meaning  that  95%  of  the  measurements  should  lie 
within  the  specified  tolerance  interval  and  thus  a  = 
1.96  ^  2.  When  it  is  desired  to  keep  imprecision 
to  a  minimum,  an  error  tolerance  of  99'^<f  is  usually 
chosen,  in  which  case  a  =  2.58.  If  a  3-sigma  error 
tolerance  is  specified,  only  0.27%  of  all  measurements 
will  lie  outside  of  the  tolerance  interval  and  o  =  3. 
Values  of  ki  as  a  function  of  confidence  levels  and 


sample  sizes  are  given  in  Table  2  (modified  from 
Walpole  and  Myers"* ' ). 

Because  of  the  u.se  of  point  estimates  for  the 
population  mean  and  standard  deviation,  the  tolerance 
interval  given  by  Equation  13  is  associated  with  a 
double  probability.  There  is  one  probability  that  a 
given  measurement  lies  within  the  specified  interval 
for  a  given  set  of  measurements  (determined  by  the 
factor  a  in  the  equation),  and  there  is  one  probability 
(ie,  the  confidence  level)  that  we  are  correct  in 
assuming  the  first  probability  (determined  by  the 
factor  ki  in  the  equation).  From  the  standpoint  of 
making  a  decision  (ie,  a  medical  decision)  based  on 
a  single  measurement,  we  would  like  to  know  the 
probability  of  making  the  correct  decision.  Assuming 
that  the  correct  decision  would  be  made  if  the 
measurement  is  accurate,  then  the  probability  of  being 
right  is  the  product  of  the  proportion  of  measurements 
included  within  the  tolerance  interval  and  the 
confidence  interval.  For  example,  if  the  2-sigma 
tolerance  interval  of  a  measuring  device  is  known 
with  95%  confidence,  then  the  probability  of  making 
an  accurate  measurement  is  0.95  x  0.95  -  0.90. 

The  tolerance  interval  given  by  Equation  13 
assumes  that  measurement  errors  are  normally 
distributed.  However,  it  is  possible  to  define  a 
tolerance  interval  that  is  independent  of  the  shape 
of  the  underlying  distribution:  For  any  distribution 
of  measurements,  the  tolerance  interval  is  given  by 
the  smallest  and  largest  observations  in  a  sample  of 
size  n.  where  n  is  determined  so  that  one  can  assert 
with  the  desired  level  of  confidence  that  at  least  the 
desired  proportion  of  measurements  is  included 
between  the  sample  extremes.^^  Table  3  gives  the 

Table  3.  Sample  Size  for  Nonparametric  Tolerance  Limits 


Proportion  of  measurements 

Confidence  level 

included  in  tolerance 

interval 

95% 

99% 

99.5% 

947 

1,325 

99% 

473 

662 

95% 

93 

130 

90% 

46 

64 

85% 

30 

42 

50% 

8 

11 

required  sample  sizes  for  the  desired  confidence  level 
and  the  desired  proportion  of  measurements  to  be 
included  in  the  tolerance  interval.""  For  example,  we 
must  have  a  sample  size  of  130  measurements  in 
order  to  be  99%  confident  that  at  least  95'/f  of  all 
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future  measurements  will  lie  between  the  smallest 
and  largest  observations  in  the  sample. 

It  is  important  to  remember  that  the  tolerance 
interval  takes  into  consideration  only  the  effects  of 
random  error,  therefore  it  is  a  statement  of 
measurement  imprecision.  If  the  effect  of  systematic 
error  or  bias  is  included,  the  total  measurement  error 
or  inaccuracy  may  be  estimated.  On  the  other  hand, 
if  bias  is  negligible  or  can  be  corrected  through 
calibration,  the  tolerance  interval  may  be  used  as  the 
inaccuracy  specification  for  the  measurement  system. 

Estimating  Inaccuracy 

With  estimates  of  bias  and  imprecision,  the  total 
error  or  inaccuracy  in  the  measurement  of  the  known 
value  Xo  can  be  estimated  as  follows: 


inaccuracy  =  bias  ±  imprecision, 
inaccuracy  =(y  -  Xo)  ±  (otkiS) 


(14) 


where  Y  is  the  estimated  mean  value  of  repeated 
measurements  of  a  known  quantity,  Xq,  preferably 
at  a  medical  decision  level.  (Of  course,  Y  may  be 
replaced  by  X  if  the  data  are  from  repeated 
measurements  of  only  one  level  of  the  known  quantity 
and  thus  linear  regression  analysis  is  not  used.)  S 
may  be  any  of  the  estimates  of  the  standard  deviation 
of  repeated  measurements  described  above,  a  is  the 
factor  determining  the  desired  width  of  the  tolerance 
interval  and  ki  is  the  factor  accounting  for  the 
uncertainty  of  the  estimates  for  mean  and  standard 
deviation  (from  Table  2).  The  confidence  we  have 
in  this  estimate  of  inaccuracy  is  that  associated  with 
our  choice  of  ki. 

If  the  measurement  system  is  properly  calibrated, 
we  expect  the  imprecision  to  be  larger  than  the  bias, 
thus  giving  rise  to  both  positive  and  negative  values 
for  inaccuracy  (ie,  the  ±  gives  rise  to  the  best-case 
and  worst-case  inaccuracy).  The  absolute  values  of 
the  positive  and  negative  estimates  of  inaccuracy  are 
examined,  and  the  larger  is  compared  with  the 
previously  determined  standard  for  allowable  error. 
If  the  calculated  inaccuracy  is  less  than  the  allowable 
inaccuracy — implying  that  this  level  of  error  would 
not  change  the  medical  decision — the  measurement 
system  is  deemed  acceptable.'' 

If  the  allowable  error  is  stated  in  terms  of  the 
component  bias  and  imprecision,  statistical  methods 
can  be  used  to  test  the  acceptability  of  the  calculated 


inaccuracy.  The  hypothesis  that  the  bias  is  zero  (ie, 
the  mean  difference  between  the  measured  and  true 
values  is  zero)  can  be  evaluated  with  a  /  test.  The 
hypothesis  that  the  observed  standard  deviation  is 
different  from  the  acceptable  standard  deviation  can 
be  evaluated  with  an  F  test. 

Interpreting  Error  Specifications 

The  first  step  in  dealing  with  instrument  error  is 
to  understand  the  manufacturer's  specifications.  In 
addition  to  the  ambiguities  of  nomenclature 
mentioned,  a  simple  statement  such  as  "accuracy  is 
±  2%  of  full  scale"  really  says  little  by  itself.  It  does 
not  give  us  a  clue  as  to  the  proportion  of  measurements 
to  which  it  applies  (ie,  is  it  a  2-  or  3-sigma  error 
or  something  else?).  It  is  not  clear  whether  the 
specification  includes  bias  or  reflects  only  imprecision, 
and  there  is  no  indication  of  the  level  of  confidence 
we  can  place  in  the  specification.  It  may  even  be 
a  nonparametric  specification.  Unfortunately,  such 
information  is  usually  not  provided  by  manufacturers, 
and  it  is  often  difficult  to  locate  someone  in  a  given 
manufacturing  organization  who  can  provide  it  or 
even  understand  the  issues. 

To  confirm  the  manufacturer's  error  specifications, 
the  user  must  conduct  some  rather  detailed  statistical 
analyses  of  data  from  device-performance  studies. 
One  might  expect  that  error  specifications  are 
originally  generated  in  a  similar  manner.  This, 
however,  is  usually  not  the  case.  Although  the  exact 
procedures  differ,  manufacturers  typically  use  the 
following  approach  in  creating  error  specifications 
for  their  products:  First,  in  the  design  stage,  a  set 
of  functional  specifications  are  developed  for  a 
proposed  product.  These  specifications  are  based  on 
things  like  published  error  ratings  for  similar  products, 
industry  standards  (eg,  those  of  the  American  Society 
for  Testing  and  Materials  or  the  International 
Standards  Organization),  perceived  user  needs,  and 
analysis  of  combined  component  tolerances  (eg, 
simple  electrical  resistors  can  be  purchased  with 
tolerances  of  ±  1%,  ±  5%,  or  +  10%). 

The  desired  error  specifications  for  the  product 
might  be  stated  as,  for  example,  ±  2%  of  full  scale 
plus  ±  1%  of  reading,  or  simply  +  2%  of  full  scale. 
The  usual  implicit  assumption  is  that  the  error  bands 
will  encompass  95%  of  the  individual  readings  from 
repeated  measurements  of  a  given  quantity  (ie, 
approximately  two  standard  deviations  of  a  normal 
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distribution).  A  graph  is  made  showing  the  ideal  input 
versus  the  output  performance  (ie,  the  hne  of  identity). 
The  desired  performance  is  indicated  as  error  or 
tolerance  bands,  or  lines  above  and  below  the  line 
of  identity.  The  distance  between  these  lines  and  the 
line  of  identity  represents  the  error  specifications.  A 
specified  number  (usually  3-20)  of  engineering  models 
are  hand  assembled  by  the  engineering  team,  followed 
by  a  clinical  trial.  After  analysis — and  possibly  some 
redesign     the  prototypes  are  built. 

Ne.xt,  a  sample  of  product  prototypes  is  made.  The 
performance  of  these  prototypes  is  evaluated  by 
measuring  their  output  for  a  set  of  known  inputs 
(ie.  \alues  measured  with  highly  accurate  instruments 
whose  calibrations  are  certified  by  the  National 
Bureau  of  Standards).  The  data  from  all  the  prototypes 
are  plotted  on  the  previously  drawn  graph  and 
whether  the  device  performs  within  the  allowable 
error  specifications  is  determined  (ie,  all  datapoints 
lie  within  the  error  bands).  If  performance  is  not 
within  allowable  error,  either  the  prototype  is 
redesigned  or  the  allowable  error  is  re-evaluated.  If 
the  prototype  operates  as  expected,  a  production  run 
is  started,  and  the  graph  is  used  for  quality  control. 
Devices  are  then  rejected  or  sold  depending  upon 
their  performance  relative  to  specifications. 

It  is  important  to  note  that  the  inaccuracy  of  a 
given  device  may  be  different  from  the  manufacturer's 
specification  depending  upon  how  it  is  used. 
Instrument  specifications  do  not,  for  instance,  include 
the  various  types  of  random  and  systematic  operator 
errors.  Also,  the  inaccuracy  specification  applies  to 
the  entire  range  of  the  device's  readout  scale  and 
may  be  better  for  a  limited  section.  For  example, 
oxygen  analyzers  typically  have  errors  of  less  than 
±  3^  of  full  scale.  Suppose  such  a  device  is  calibrated 
by  the  user  to  read  100%  using  a  source  of  pure 
oxygen.  If  we  then  immediately  measured  the  output 
of  an  air-oxygen  blender  set  at  F\q,  =  1 .0  and  obtained 
a  reading  of  100%,  we  would  expect  the  error  to 
be  negligible  because  we  have  reduced  the  systematic 
error  to  essentially  zero  and  greatly  reduced  possibility 
of  random  error  factors.  In  fact,  if  we  did  not  obtain 
a  reading  of  100%,  we  would  be  inclined  to  suspect 
a  faulty  blender  rather  than  a  measurement  error. 

The  user  must  be  aware  of  the  implications  of 
manufacturers  error  specifications.  Assume,  for 
example,  that  an  inaccuracy  specification  of  ±  2% 
refers  to  2  standard  deviations  of  a  normal  distribution 
for  an  individual  reading.  Because  the  error  is  specified 


in  terms  of  the  full-scale  reading,  the  device  will  be 
more  accurate  when  measuring  quantities  at  the  upper 
end  of  the  scale  than  at  the  lower  end.  For  a  scale 
of  0  to  100  units,  the  expected  error  would  be  ±  2 
scale  units.  If  a  known  quantity  having  a  value  of 
95  was  measured,  the  instrument  reading  would 
probably  be  between  93  and  97,  or  98%  to  102% 
of  the  true  value.  However,  if  the  true  value  was 
5,  the  expected  reading  would  range  from  3  to  7, 
or  60%  to  140%  of  the  true  value.  This  represents 
an  inaccuracy,  for  that  particular  reading,  of  ±  40%. 
which  might  be  unacceptable  depending  on  the 
application. 

Inverse  Estimation — In  creating  inaccuracy 
specifications,  we  begin  with  a  known  quantity  and 
estimate  the  degree  to  which  measured  values  deviate 
from  the  expected  value.  However,  in  using  error 
specifications  the  problem  is  reversed.  For  a  given 
measured  value,  we  want  to  know  the  range  of  true 
values  it  could  represent,  with  some  level  of 
confidence. 

Using  the  information  from  regression  analysis,  the 
upper  and  lower  limits  of  the  true  value.  Xq,  given 
a  measured  value,  Yo,  are: 


■Xiowoj  b 


where 


Xo  = 


Yp-a 


(15) 
(15a) 


The  constants  a  and  b  are  the  intercept  and  slope, 
respectively,  from  regression  analysis,  a  and  ki  are 
from  Table  2,  and  S  is  the  estimate  of  the  standard 
deviation  of  repeated  measurements  of  Xn  (using  only 
regression  information  this  would  be  Sy .  x)-  Note 
that  if  proportional  error  is  negligible  (ie,  b  ~  1) 
then  the  interval  between  X^pp^r  and  X|ov.er  's  the 
same  length  as  the  tolerance  interval.  Thus,  inaccuracy 
specifications  from  Equation  14  are  equally  valid 
when  viewed  from  the  perspective  of  the  manufacturer 
as  from  that  of  the  user.  This  is  not  true  if  proportional 
error  exists.  A  more  precise  but  considerably  more 
complex  equation  is  given  in  the  text  by  Draper  and 
Smith,  who  call  the  upper  and  lower  values  for  X 
the  inverse  confidence  limits  or  "fiducial  limits." 

If  the  inaccuracy  of  a  measurement  system  is  given 
in  terms  of  a  percentage  of  full-scale  specification, 
the  problem  is  simplified.  Such  a  specification  lumps 
together  bias  and  imprecision  into  an  equivalent  bias 
error  of  zero  and  an   imprecision  equal  to  the  ± 
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Fig.  8.  Inverse  estimation:  A  measured  value  may  be 
from  the  upper  part  of  a  distribution  centered  around 
Yl,  from  the  lower  part  of  a  distribution  centered  around 
Yy,  or  from  any  other  distribution  around  values  between 
Yl  and  Yy.  However,  It  is  most  likely  that  the  measured 
value  comes  from  the  center  of  the  distribution  around 
Yq.  The  problem  is  to  find  the  corresponding  values  of 
Xl,  Xq,  and  Xy.  A.  estimating  the  true  value  from  a 
measured  value  when  the  inaccuracy  is  specified  in  the 
form  of  ±  %  of  full  scale.  Notice  that  the  error  bands 
around  X  are  symmetrical  and  of  the  same  magnitude 
as  for  Y;  B.  estimating  the  true  value  from  a  measured 
value  when  the  inaccuracy  is  specified  in  the  form  of 
%  of  reading.  The  error  bands  around  X  are  not 
symmetrical  and  are  different  from  those  for  Y. 


inaccuracy  value  (Fig.  8A).  Thus,  a  and  b  in  Equation 
15a  reduce  to  0  and  1  respectively  to  yield  error 
bands  parallel  to  the  line  of  identify: 

>^uii[x„l     »^   J.    ,    c     -v/    ,   inaccuracy  (%FS)  X  full  scale  reading 

xj:,r^»*"'''  =  ^''- ioo (16) 

If  the  inaccuracy  specification  is  given  as  a 
percentage  of  the  measurement  reading,  the  upper 
error  band  for  repeated  measurements  of  X  has  a 
slope  equal  to  ( 100  +  inaccuracy)/ 100  and  the  lower 
band  has  a  slope  of  (100  -  inaccuracy)/ 100.  For 
example,  given  a  specification  of  +  2%  of  reading, 
the  upper  error  band  would  have  a  slope  of  1.02 
and  the  lower  band  would  have  a  slope  of  0.98. 
Both  bands  have  intercepts  of  zero.  As  a  consequence, 
the  limits  of  the  estimated  true  value,  Xq,  are  not 
symmetrical.  In  particular,  Xiower  is  closer  to  Xq  than 
is  Xypper,  as  shown  in  Figure  SB.  From  these 
observations  and  Equation  14,  the  upper  and  lower 
limits  of  the  estimated  true  value  of  X  are  thus: 


Y  \ 

'^ upper  I 

A  lower 


Yq 


100  ±  inaccuracy  (%R) 


100 


(17) 


Evaluation  of  Agreement"^' 

A  frequent  clinical  problem  is  the  need  to  know 
whether  some  new  measurement  system  will  give 
results  comparable  to  one  that  is  currently  in  use. 
Often  we  would  like  to  know  if  the  new  system 
can  serve  as  a  substitute  for  the  old  while  preserving 
the  quality  of  medical  decisions  based  on  the  system's 
measurements.  Typically,  studies  are  designed  in 
which  both  systems  are  used  to  measure  some  variable 
and  the  results  are  analyzed  for  agreement.  The  most 
frequently  used  statistical  analyses  are  least-squares 
linear  regression,  the  t  test,  the  F  test,  and  Pearson's 
product-moment  correlation  coefficient.  However, 
there  are  several  reasons  why  these  techniques  are 
inappropriate  for  agreement  studies.''"''"'^^  Altman 
and  Bland''*"*'  have  suggested  an  alternative  approach 
that  has  become  popular  among  researchers.*'   ' 

Incorrect  Methods  of  Analysis 

As  mentioned,  least-squares  regression  minimizes 
the  sum  of  squares  of  the  vertical  distance  between 
the  observed  data  and  the  regression  line.  The 
underlying  assumption  is  that  only  the  data  plotted 
on  the  Y-axis  show  variability.  This  assumption  is 
appropriate  for  studies  of  inaccuracy  in  which  the 
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reference  values,  plotted  on  the  X-axis,  are  assumed 
lo  be  known  with  negligible  imprecision.  However, 
it  is  not  appropriate  in  the  comparison  of  two  methods 
that  both  exhibit  variability.  It  can  be  argued  that 
\ariability  in  the  X-axis  data  can  be  accounted  for 
by  using  the  method  suggested  by  Deming,  which 
minimizes  both  the  Y  residual  and  the  X  residual 
by  minimizing  the  sum  of  the  squares  of  the 
perpendicular  distances  from  the  datapoints  to  the 
line.'"'"'''^'  However,  regression  still  suffers  from 
sensitivity  to  nonlinearity  of  the  data  and  gives 
misleading  results  if  the  range  of  the  data  is  too  narrow 
(ie,  the  best  fit  line  is  more  strongly  influenced  by 
the  scatter  of  the  data  for  narrow  than  for  wide 
ranges)."  Also,  the  approach  suggested  below  is 
considerably  easier  to  use. 

Both  the  t  test  and  the  F  test  are  sometimes  used 
as  indicators  of  agreement,  although  they  are  only 
intended  to  tell  whether  the  differences  between  two 
methods  are  significant.  If  the  calculated  value  for 
the  statistic  is  larger  than  some  critical  value,  the 
performance  of  the  measurement  system  in  question 
is  judged  not  acceptable.  If  the  statistic  is  smaller, 
it  is  usually  concluded  that  the  methods  agree  and 
the  new  system  is  accepted.  Such  judgments  may 
be  erroneous  for  several  reasons. 

The  F  test  is  simply  the  ratio  of  the  variances  of 
the  data  from  two  measurement  systems.  It  is  a 
comparison  of  the  imprecision  of  two  sets  of  data, 
indicating  the  significance  of  any  difference  but  not 
indicating  the  acceptability  of  errors  or  their 
magnitude."' 

The  /  test  is  a  ratio  of  bias  and  precision  "'"^ 


bias  X  Vn 


t  = 


(where  Sj  is  the  standard  deviation  of  the  differences 
between  paired  measurements)  and  therefore  is  not 
a  measure  of  total  error.  This  is  analogous  lo  the 
determination  of  blood  pH  by  the  ratio  of  bicarbonate 
to  carbon  dioxide  tension.  '  A  low  pH  does  not  tell 
whether  the  bicarbonate  is  low  or  the  carbon  dioxide 
is  high.  Treatment  of  acidosis  requires  assessment  of 
both  metabolic  and  respiratory  factors.  Similarly, 
interpretation  of  the  l  value  requires  assessment  of 
both  the  systematic  and  random  errors.  There  are 
at  least  four  situations  that  can  cause  erroneous 
judgments  when  using  the  /  value:"' 
•  /  may  be  small  w  hen  bias  is  small  and  imprecision 
is  large.  Thus,  the  more  imprecision  there  is  in 


the  measurement  data,  the  more  likely  we  are 
to  conclude  that  the  methods  agree! 

•  /  may  be  small  when  both  bias  and  imprecision 
are  large. 

•  t  may  be  large  when  both  bias  and  imprecision 
are  small,  in  which  case  the  more  accurate  the 
measurements  are,  the  less  likely  we  are  to 
conclude  that  the  methods  agree! 

•  as  shown  in  the  equation  above,  /  varies  with 
the  sample  size  (n).  Thus,  even  if  bias  and 
imprecision  are  acceptable,  we  might  conclude 
that  the  methods  do  not  agree  if  the  sample  size 
is  large — and  vice  versa. 

A  further  limitation  of  the  /  test  is  that  it  is  an 
indicator  of  the  significant  difference  between  mean 
values.  It  provides  no  information  about  the 
confidence  we  can  place  in  individual  measurements 
taken  with  the  new  method,  yet  such  measurements 
are  frequently  the  basis  for  medical  decisions. 

Perhaps  the  most  widely  misused  indicator  of 
agreement  is  the  product-moment  correlation 
coefficient,  r.  The  fundamental  problem  with  this 
statistic  is  that  it  is  a  measure  of  linear  association, 
which  is  not  the  same  as  agreement.  For  example, 
suppose  we  plot  the  data  from  two  methods  that 
give  exactly  the  same  results  when  measuring  a  range 
of  unknown  values.  The  data  all  lie  on  the  line  of 
identity.  The  r  value  is  1.0  (ie,  perfect  correlation) 
and  it  is  clear  that  the  methods  have  perfect  agreement. 
However,  if  one  method  gives  exactly  twice  the  value 
of  the  other,  or  say,  twice  the  value  plus  3  units, 
the  data  still  lie  on  a  straight  line  with  r-  1 .0.  However, 
it  is  quite  obvious  that  the  two  methods  do  not  agree. 
The  r  value  is  an  indicator  of  the  presence  and 
magnitude  of  random  error  and  is  completely 
insensitive  to  measurement  bias. 

There  are  other  problems  with  the  r  statistic.'*^ 
Correlation  is  sensitive  to  the  range  of  the  measure- 
ments and  is  greater  for  wide  ranges  than  for  small 
ones.  Because  investigators  usually  compare  methods 
over  the  whole  range  of  values  expected  to  be 
measured,  a  high  correlation  is  almost  guaranteed. 
Also,  the  test  of  significance  (ie,  that  r  is  significantly 
different  from  zero)  will  undoubtedly  show  that  the 
two  methods  are  related  as  they  are  designed  to 
measure  the  same  quantity.  The  test  of  significant 
correlation  is  therefore  irrelevant  to  the  question  of 
agreement. 
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Suggested  Method  of  Analysis 

As  with  the  assessment  of  inaccuracy,  the  first  step 
is  to  plot  the  data  generated  when  the  two  methods 
are  used  to  measure  the  same  quantity  over  a  range 
of  input  levels.  For  each  level  of  input,  each  method 
gives  one  datapoint,  referred  to  hereafter  as  A  and 
B.  The  best  way  to  view  the  data  is  to  plot  the 
difference  between  methods  (ie,  A-B)  on  the  Y- 
axis  against  their  mean  value  (ie,  [A  +  B]/2)  for  each 
input  value.  The  mean  value  for  each  level  of  input 
is  used  because  it  is  the  best  estimate  of  the  true 
value,  which  is  not  known.  At  this  point  it  is  important 
to  assess  whether  the  differences  are  related  to  the 
mean  value.  If  they  are,  the  estimate  of  random  error 
may  be  overstated  at  one  end  of  the  range  of 
measurements  and  understated  at  the  other.  The 
hypothesis  of  r  =  0  can  be  tested  statistically.  If  a 
significant  relationship  is  found,  a  logarithmic 
transformation  may  be  helpful. 

The  next  step  is  to  calculate  the  mean  difference 
between  the  two  methods  (ie,  the  average  of  all  A  -  B 
values).  Finally,  the  "limits  of  agreement"  are 
calculated  as  the  upper  and  lower  values  that 
encompass  95%  of  the  observed  differences: 


limits  of  agreement  =d  ±  1.96Sd, 


(18) 


where 


=  the  mean  value  of  the  differences, 


and 


I(d,-dF 


Sd  = 


(18a) 


where  d  represents  the  individual  differences  between 
measurements  made  with  one  method  compared  to 
the  other  (A  -  B).  The  mean  difference  and  the  limits 
of  agreement  are  included  in  the  plot  of  the  data. 
If  the  differences  within  the  limits  of  agreement  are 
judged  to  be  clinically  unimportant,  then  we  conclude 
that  the  two  methods  may  be  used  interchangeably. 

The  mean  difference  and  the  limits  of  agreement 
are  point  estimates.  A  confidence  interval  for  the  mean 
difference  can  be  calculated  by  substituting  d  for 
(Y-Xq)  in  Equation  9.  A  confidence  interval  for 
the  standard  deviation  of  the  differences  can  be 
calculated  by  substituting  Sj  for  S  into  Equation  12. 
A  confidence  interval  for  the  limit  of  agreement  can 
be  expressed  as:^~ 


where  t  is  the  2-tailed  /  statistic  for  the  desired 
significance  level  with  n  -  1  degrees  of  freedom.  This 
confidence  interval  takes  into  account  uncertainties 
associated  with  estimating  both  the  mean  difference 
and  the  standard  deviation  of  the  differences,  similar 
to  ki  in  Table  2.  For  large  samples,  the  95%  confidence 
interval  for  the  limit  is  approximately:^' 


CI  for  limit  =  limit  ±  t  V  ^^ 


(19a) 


Assessing  repeatability — In  the  previous  analysis, 
it  was  assumed  that  one  data  pair  was  used  for  each 
input  level  (ie,  one  observation  was  made  with  each 
measurement  system  for  each  level  of  the  measurand). 
However,  it  can  be  argued  that  estimates  of 
imprecision  based  on  this  type  of  data  suffer  from 
a  lack  of  information  about  repeatability  (as 
mentioned  for  the  use  of  the  standard  error  of  the 
estimate).  Poor  repeatability  leads  to  poor  agreement. 
Even  a  new  measurement  system  that  is  perfect  will 
not  agree  with  an  old  system  that  has  a  lot  of 
variability.  The  problem  is  compounded  if  both 
methods  have  a  great  deal  of  variability.'*' 

It  is  possible  to  include  information  about 
repeatability  in  the  estimate  of  agreement  if  one  uses 
duplicate  measurements  by  each  of  the  two 
measurement  systems  on  the  same  measured 
quantities.  For  each  level  of  the  measured  quantity, 
the  mean  values  of  the  repeated  measurements  are 
calculated  for  each  system.  This  results  in  pairs  of 
mean  values  (ie,  one  for  each  measurement  system) 
for  each  level  of  the  measurand.  If  these  pairs  of 
means  are  then  subjected  to  the  analysis  for  assessing 
agreement  described,  a  problem  arises.  The  average 
difference  is  unaffected  but  the  estimate  of  the  standard 
deviation  of  the  differences  is  too  small  because  some 
of  the  random  error  has  been  removed  by  using  mean 
values  instead  of  the  original  data.  However,  this  can 
be  corrected  by  first  calculating  the  standard 
deviations  of  the  differences  between  repeated 
measurements  for  each  method  separately.  Si  and 
S2,  and  the  standard  deviation  of  the  differences 
between  the  means  for  each  method  Sj.  The  corrected 
standard  deviation  S(.  is  then:^' 


Sc- 


s^^  + 


Si  _ 


^=V2S 


(20) 


CI  for  limit  =  limit  ±t^|i  +  -2_Js^    .  ^jgj 


The  repeatability  of  the  two  measurement  systems 
may  also  be  examined  separately.  Duplicate 
measurements  are  obtained  for  one  system  over  the 
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whole  range  of  input  levels.  Then,  the  differences 
between  the  duplicates  are  plotted  against  their  mean 
values.  The  mean  and  standard  deviation  of  the 
differences  is  calculated  as  before.  As  mentioned  in 
the  section  on  evaluation  of  inaccuracy,  if  the  mean 
difference  is  significantly  different  from  zero,  the  data 
cannot  be  used  to  assess  repeatability  because  the 
first  measurement  is  affecting  the  second.  Also,  when 
more  than  two  repeated  measurements  are  to  be  used, 
the  calculations  are  more  complex.''*  Next,  a 
coefficient  of  repeatability  can  be  calculated  as:" 

coefficient  of  repeatability  =2.83Sdjp  (21) 

assuming  a  mean  difference  of  zero.  This  coefficient 
(which  has  been  adopted  by  the  British  Standards 
Institution)  can  be  interpreted  as  the  value  below 
which  the  difference  between  two  measurements  lie 
with  probability  0.95.  This  procedure  can  be  repeated 
for  the  other  measurement  system  and  the  coefficients 
of  repeatability  for  the  two  measurement  systems  can 
be  examined  for  comparability. 

Another  way  is  simply  to  compare  the  variances, 
Sa,  of  each  measurement  system  using  an  F  test. 

Using  agreement  to  estimate  inaccuracy — The 
method  of  determining  the  limits  of  agreement  can 
be  applied  to  the  analysis  of  inaccuracy  (of  a  single 
measurement  system)  instead  of  using  the  procedure 
based  on  linear  regression  described  previously.  Thus, 
instead  of  comparing  data  from  two  systems, 
measured  values  from  one  system  are  compared  to 
the  associated  true  values  (ie,  values  measured  with 
negligible  error  by  methods  traceable  to  the  National 
Bureau  of  Standards).  The  mean  difference  is  taken 
as  the  bias  and  the  ±  portion  of  the  limits  of  agreement 
(from  Equation  18)  is  taken  as  the  imprecision. 
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Chatbum's  Discussion 


Hess:  Let  me  amplify  one  of  your  points. 
Manufacturers  sometimes  report  inac- 
curacy in  a  manner  deceiving  to  the 
user— for  example,  the  way  that  some 
manufacturers  report  inaccuracy  for 
pulse  oximetry.  They  report  a  single 
standard  deviation — that  is,  the  inaccu- 
racy is  ±  2%,  but  that  is  only  one  stand- 
ard deviation  from  the  displayed  value. 
But  95%  of  the  population  will  actually 


be  within  twice  the  inaccuracy  that  they 
report.  Thus,  the  inaccuracy  is  greater 
than  the  user  is  led  to  believe.  What 
the  manufacturers  report  is  not  wrong, 
but  it  is  a  way  to  'lie'  with  statistics. 
Chatburn:  Right,  but  1  find  that  in- 
teresting— because  if  you  look  at  in- 
dustries, for  example  manufacturers  of 
digital  volt  meters  never  do  it  that  way. 
They  sometimes  specify  three  standard 
deviations  because  their  devices  are 
very  precise  and  they  want  to  advertise 
that  fact. 


Martin:  I  have  a  question  about  com- 
paring PtcO:  and  PaO:— see  Figure  1. 
Chatburn:  In  that  kind  of  graph,  the 
difference  between  the  measured  value 
and  the  true  value  is  plotted  on  the 
vertical  axis  with  the  true  value  on  the 
horizontal  axis.  The  difference  between 
the  measured  value  and  the  true  value 
is  the  inaccuracy  of  measurement,  and 
this  type  of  graph  allows  one  to  see 
how  inaccuracy  varies  over  the  range 
of  measurements.  Of  course,  the  true 
value  is  never  known  so  we  have  to 
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Fig.  1.  Plot  of  simulated  data  allow- 
ing assessment  of  association  be- 
tween the  measurement  error  and  tfie 
true  value. 


substitute  values  that  are  measured 
with  the  least  possible  amount  of 
inaccuracy.  In  comparing  PtcO:  and 
Pa02.  the  true  value  of  arterial  oxygen 
tension  is  unknown,  but  we  assume 
that  the  Pq,  of  the  arterial  blood  sample 
is  much  closer  to  the  true  value  than 
is  the  transcutaneous  Po<  (on  the  basis 
of  theoretical  and  technical  considera- 
tions). Therefore,  PaO:  may  be  con- 
sidered for  practical  purposes  to  be  the 
true  value  and  is  plotted  on  the  hori- 
zontal axis,  while  the  difference  be- 
tween transcutaneous  and  arterial  Pq. 
is  plotted  on  the  vertical  axis. 

In  some  experiments,  the  measure- 
ments in  question  may  have  unknown 
inaccuracy  or  theoretically  may  be  just 
as  good  as  the  standard  or  'true'  values 
with  which  they  are  compared.  In  this 
case,  the  best  estimate  of  the  true  value 
is  the  mean  of  each  set  of  data  pairs. 
For  example,  suppose  that  a  new  Pt^O: 
monitor  is  compared  to  one  already 
in  use.  One  pair  of  datapoints  might 
be  99  torr  and  95  torr.  We  do  not 
know  a  priori  which  is  closer  to  the 
true  PaO;  and,  hence,  the  problem  is 


one  of  assessing  agreement  rather  than 
evaluating  inaccuracy.  If  we  were  to 
plot  these  data,  we  would  put  99 
95  =  4  torr  on  the  vertical  axis  and 
(99  +  95)/2  =  97  torr  on  the  horizontal 
axis. 

Martin:  1  understand. 
Krieger:  I  agree  with  you  that  Altman 
and  Bland's  method  of  looking  at  ac- 
curacy is  visually  very  appealing.  " 
Another  important  point  (and  Dean 
Hess  brought  this  up  in  his  introduc- 
tion) relates  to  continuous  monitoring: 
Precision  and  accuracy  testing  usually 
is  done  at  one  point  in  time  because 
our  standards  are  intermittent  rather 
than  continuous.  As  clinicians,  we  see 
things  continuously  changing.  A  ques- 
tion that  needs  to  be  looked  at  with 
many  monitors  is  whether  changes  in 
what  that  monitor  has  measured  truly 
reflect  changes  in  the  gold  standard — 
not  just  at  one  point  in  time.  For  ex- 
ample, if  an  end-tidal  CO;  monitor 
changes  by  5  torr.  does  that  reflect  a 
change  in  Paco:?  You  don't  get  that 
information  just  by  looking  at  the  ac- 
curacy measurements  of   100  single 


points.  The  APgtcoj/SaO:  vs  the 
APaco /PaO-  have  to  be  looked  at 
when  evaluating  a  real-time  continuous 
noninvasive  monitor. 

1  Altman  DG,  Bland  JM.  Measurement 
in  medicine;  The  analysis  of  method 
comparison  studies.  Statistician  1983 
;32:307-3l7. 

2.  Bland  JM,  Altman  DG.  Statistical 
methods  for  assessing  agreement 
between  two  methods  of  clinical  mea- 
surement. Lancet  1 986;  1:307-3 10. 

Chatburn:  Good  point. 
Martin:  Another  source  of  misleading 
information,  fortunately  seen  less  often 
in  the  more  recent  literature,  is  a 
regression  equation  and  correlation 
coefficient  for  Pi,-Oj  and  PaO:  based 
on  only  10  patients  and  60  datapoints. 
Such  statistical  evaluations  are  of  little 
value,  especially  when  multiple  data- 
points  are  derived  from  a  few  patients. 
Chatburn:  Right.  I  think  one  of  the 
underlying  assumptions  of  linear 
regression  is  that  the  datapoints  are 
independent.  Obviously,  if  you  have 
100  datapoints  and  2  patients,  this 
assumption  is  violated. 


RESPIRATORY  CARE  •  JUNE  "90  Vol  35  No  6 


545 
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Neil  R  Maclntyre  MD 


Introduction — 'Touch'  versus  'Tech' 

Monitoring  of  respiratory  function  was  originally 
performed  only  through  direct  clinical  contact  using 
the  eyes  (inspection),  the  hands  (palpation),  and  the 
ears  (auscultation  and  percussion).'"  However, 
technologic  developments  over  the  last  several 
decades  have  greatly  extended  our  monitoring 
capabilities  in  two  general  ways:'  First,  technical 
monitors  can  detect  and  quantify  many  physiologic 
changes  (eg,  oximetric  determination  of  hemoglobin 
saturation)  with  more  accuracy  and  precision  than 
can  direct  clinical  observations;  Second,  technical 
monitors  can  function  continuously  (as  opposed  to 
clinical  observation  'spot'  checks)  and  thereby  can 
provide  early  warning  signals  of  impending  problems 
(eg,  progressive  dyspnea  signalled  by  a  respiratory 
rate  monitor). 

Despite   these   'tech'   advances,   information 
processing  through  'touch'  is  inherently  simpler  and 
more  direct  (Table  1 ): 
1.  Clinical  observations  do  not  require  external 
power  or  technical  expertise.  Rather,  they  are 
'powered',  'calibrated,'  and  'maintained'  through 
the  education  and  experience  of  the  clinician 
himself. 


Table  1 .  Information  Processing:  'Tech'  vs  'Touch' 
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Clinical 

Monitors 

Observation 

('Tech') 

('Touch') 

Power 

electrical 

clinical  skills 

Calibration/ 

engineering 

clinical  skills 

maintenance 

principles 

Sensors 

electrical- 
mechanical 

eyes,  hands,  ears 

Processors 

focus  on  specific 

broad  and  clinically 

parameter; 

integrated — 

engineering  or 

clinician  designed 

marketing  design 

Displays 

analog,  digital; 

inherent 

engineering  or 

observation 

marketing  design 

Clinical  decision 

needs  understanding 

direct  incorpora- 

result 

of  monitor,  then 

tion  into  clinical 

clinical  picture 

picture 

2.  Clinical  observations  do  not  rely  on  mechanical 
sensors,  processors,  or  displays  (with  their 
focused  purposes  and  technical  limitations). 
Rather,  clinical  observations  are,  by  definition, 
clinician-designed  and  not  the  products  of 
biomedical  engineers  or  marketing  strategists. 

3.  Clinical  observations  can  be  immediately  inte- 
grated into  the  overall  clinical  'impression.'  An 
assessment  of  a  technical  monitor's  false-positive 
or  false-negative  characteristics  is  not  necessary. 
Moreover,  decision  making  is  faster  and  more 
logical  because  the  'whole'  patient  is  being 
considered  during  the  monitoring  procedure. 
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In  Table  2,  respiratory  variables  that  are  worth 
monitoring  in  the  critically  ill  are  listed;  the  goals 
of  monitoring  are  also  listed.  I  will  discuss  each  of 
these  variables  and  goals  in  relation  to  the  clinical 
signs  that  can  be  utilized  and  compare  the  effectiveness 
of  clinical  skills  and  technical  monitors. 


Monitoring  without  Machinery: 
Gas  Exchange 

Arterial  Oxygenation  Tension  and  Content 

The  clinical  signs  of  inadequate  oxygenation  are 
nonspecific.  The  earliest  signs  such  as  tachypnea  and 
tachycardia  are  manifestations  of  compensatory 
hypoxemic  reflexes.  As  hypoxemia  becomes  more 
severe,  alterations  in  central-nervous-system,  cardiac, 
and  renal  function  may  become  evident.'  Although 
cyanosis  is  evidence  of  hypoxemia,  it  is  insensitive 

Table  2.  Respiratory  Care  Variables  Worth  Monitoring  in  the 
Criticallv  111 


Physiologic 
Parameter 


Monitoring 
Goals 


Gas  Exchange 
Po. 

PcO: 

Respiratory  demands 

Ventilatory  Drive 

Pattern 


Neuromuscular 
transmission 

Pulmonary  Function 

Airway 
Parenchymal/pleural 


Vascular 


Ventilatory  Muscles 

Inherent  properties 
Load/capabilities 


Detect  hypoxemia,  hyperoxemia 
Detect  hypocapnia,  hypercapnia 
Quantitate  Vq,,  V(^Oi  '"  relationship 
to  ventilatory  support  and  nutrition 


Detect  absence 
Detect  abnormal  patterns 
Quantitate  signal  intensity  and 
duration 

Detect  absence 

Detect,  quantitate  caliber  (Raw) 

Detect,  quantitate  volume  loss,  FRC, 
compliance  (Cr,,),  and  overall  venti- 
latory loads 

Detect  air  trapping 

Detect  barotrauma 

Detect  pulmonary  artery  and  pulmo- 
nary capillary  hypertension 
Detect  inadequate  cardiac  output 


Quantitate  strength/endurance 
Detect  intolerable  loading 


Abbreviations  Used  in  this  Paper 

Cl 

—  Lung  compliance 

CNS 

—  Central  nervous  system 

CO2 

—  Carbon  dioxide 

c„ 

—  Compliance  of  the  respiratory  system 

f 

—  Breathing  frequency  (respiratory  rate) 

O: 

—  Oxygen 

Po.i 

—  Pressure  exerted  against  the  occluded  airway 

at  100  milliseconds  into  inspiration 

PaCO; 

—  Arterial  carbon  dioxide  tension  (partial 

pressure) 

PEEP 

—  Positive  end-expiratory  pressure 

PcO: 

—  Carbon  dioxide  tension 

PetC02 

—  End-tidal  carbon  dioxide  tension 

Pq: 

—  Oxygen  tension 

Raw 

—  Airway  resistance 

T, 

—  Inspiratory  time 

Ttot 

—  Total  respiratory  cycle  time 

VcO: 

—  Carbon  dioxide  production 

Vd 

—  Dead  space  volume 

Ve 

—  Minute  ventilation 

V02 

—  Oxygen  consumption  (intake) 

Vt 

—  Tidal  volume 

because  it  is  not  detected  by  the  human  eye  until 
oxyhemoglobin  saturation  falls  below  80%.' 

High  arterial  oxygen  content  is  a  very  difficult 
condition  to  detect  clinically.  Although  it  is  true  that 
ventilation  may  be  blunted  at  higher  levels  of  oxygen 
tension  (Pq^),  this  is  rarely  useful  in  detecting 
hyperoxemia.  In  fact,  clinical  detection  of  hyper- 
oxemia is  likely  to  be  delayed  until  consequences 
of  oxygen  toxicity  (eg,  tachypnea,  rales,  and  subjective 
chest  tightness)  are  manifest.** 

Because  clinical  observation  lacks  specificity  and 
sensitivity  for  both  hypoxemia  and  hyperoxemia, 
oxygen  monitoring  is  probably  best  done  by  technical 
devices  that  actually  measure  oxygenation  (eg,  arterial 
blood  gas  analysis  or  pulse  oximetry). 

Arterial  Carbon  Dioxide  Tension 

Arterial  carbon  dioxide  tension  (Pacoi)  '^  a 
function  of  minute  ventilation  (Vg  =  tidal  volume 
[Vx]  multiplied  by  breathing  frequency  [f]),  CO: 
production  (VcoO  and  dead  space  ( Vo).  Specifically,'* 


Paco;  -  f(v^    Vd) 
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Because  the  ventilatory  system  is  exquisitely 
sensitive  to  carbon  dioxide  tension  (Pco:).  one  of 
the  earliest  signs  of  an  increased  Vco:  or  increased 
Vd  is  increased  ventilation  to  maintain  normocapnia. 
With  normal  ventilatory  reflexes  and  normal  system 
impedances,  an  increase  in  V^  is  first  achieved  by 
increasing  the  Vj,  and  then  the  f.  However,  if 
ventilatory  sensitivity  is  depressed  by  drugs  or  disease, 
both  normal  and  increased  levels  of  Vco:  or  Vq  can 
result  in  hypercapnia  because  of  the  inadequate  Ve. 
Hypercapnia  (and  the  resultant  respiratory  acidosis) 
is  usually  accompanied  by  tachycardia.  Late  signs 
of  hypercapnia  are  of  systemic  organ  dysfunction. 
These  include  central-nervous-system  depression 
(drowsiness  and  CO:  narcosis),  papilledema,  asterixis, 
skin  flushing,  and  cardiac  dysrhythmias." 

Hypocapnia  results  from  ventilation  in  excess  of 
Vcoi  or  Vd  requirements.  This  can  be  induced  by 
high  levels  of  mechanical  ventilatory  support  or  can 
result  from  an  inappropriate  CNS  drive.  Clinician- 
induced  hypocapnia  depresses  ventilatory  drive,  with 
resulting  hypopnea,  bradypnea,  or  apnea.  Inappro- 
priate CNS  drive  can  also  produce  hypocapnia. 
Because  hypocapnia  decreases  cerebral  blood  flow, 
severe  hypocapnia  can  result  in  central-nervous- 
system  alterations,  such  as  twitching,  convulsions,  and 
tetany  (especially  when  associated  with 
hypocalcemia). 

Although  changes  in  level  of  ventilation  are  early 
indicators  of  CO2  abnormalities,  the  signs  can  be 
nonspecific  and  confusing  to  the  observer.  Therefore, 
proper  monitoring  of  CO:  levels  requires  direct 
measurement,  ie,  either  by  arterial  blood  gas  analysis 
or  continuous  end-tidal  CO:  tension  (Petco:) 
monitoring." 

Respiratory  Gas  Exchange 

Equations  based  on  readily  obtained  clinical 
information  (height,  weight,  sex,  age)  have  been 
developed  to  assess  O:  needs  and  CO:  production. 
In  addition,  clinical  diagnoses,  temperature,  and  stress 
factors  can  be  utilized  to  modify  these  estimates  in 
critically  ill  patients.  Oxygen  consumption  (Vq:)  and 
CO2  production  (VcoO  can  be  measured  directly, 
but  it  is  unclear  whether  such  direct  measurement 
improves  the  clinical  outcome  of  patients  when 
compared  to  outcome  with  purely  clinical  assess- 
ment. 


Monitoring  without  Machinery: 
Ventilatory  Drive 

The  ventilatory  pattern  is  generated  in  the 
respiratory  control  center  located  in  the  midbrain  and 
medulla  and  is  transmitted  to  the  ventilatory  muscles 
through  the  spinal  cord  and  motor  neurons."  "'  The 
signal  from  the  ventilatory  control  center  is 
characterized  by  three  features:"  respiratory  rate  (f 
or  the  reciprocal  of  total  cycle  time  [I/Tjot] 
multiplied  by  60),  intensity  (tidal  volume/inspiratory 
time  [Vj/Ti]),  and  duration  (Ti/Tjot)- 

The  ventilatory  rate  is  readily  determined  from 
direct  observation.  Tachypnea  (f  >  20  breaths/min, 
TjoT  <  3  s)  and  bradypnea  (f  <  6  breaths/min, 
TjoT  >  10  s)  can  be  calculated  from  either  inspection 
or  palpation.  Technical  devices  add  nothing  to  the 
accuracy  or  precision  of  this  measurement.  The  one 
advantage  of  technical  devices  is  continuity — 
particularly  useful  during  sleep  assessment  and  drug 
administration  or  in  the  postextubation  state. 

The  pattern  of  ventilation  is  also  readily  determined 
from  direct  observation.  Characteristic  patterns 
signifying  various  pathologic  states  are  depicted  in 
Figure  1 .  Pneumograms  can  confirm  some  abnormal 
patterns  and  offer  the  advantage  of  continuous 
monitoring,  but  such  abnormal  patterns  are  usually 
evident  to  the  observant  clinician  during  routine  spot 
checks. 

Drive  intensity  (Vj/Tj)  and  duration  (T|/Txot) 
can  be  assessed  by  direct  clinical  observation.  Specific 
clinical  signs  to  be  noted  include  apparent  patient 
effort,  the  amount  of  accessory  muscle  activity,  the 
lag  between  inspiratory  effort  and  the  initiation  of 
demand  flow  from  a  ventilator,  the  direct  timing 
measurements,  and  the  overall  impression  of  dyspnea. 
Technologic  monitors  that  quantitate  drive  intensity 
(either  as  Vj/T]  directly,  or  as  a  Pq.i,  ie,  the  pressure 
exerted  against  an  occluded  airway  at  100  milli- 
seconds into  inspiration,  or  Ti/Tjoj)  may  offer  more 
precise  measurements  of  signal  characteristics,  but 
it  is  unclear  whether  these  add  significantly  to  a  good 
clinical  assessment. 

Neuromuscular  transmission  can  also  be  reasonably 
evaluated  by  clinical  observation.  Complete  transec- 
tion of  the  spinal  cord  above  C-3  permits  only  use 
of  the  sternocleidomastoid  and  scalene  muscles. 
Isolated  phrenic  nerve  dysfunction  permits  only  use 
of  these  neck  muscles  and  the  intercostal  muscles. 
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Normal 

Rapid  Shallow  Breathing 

Rapid  Deep  Breathing 

Slow  Breathing 

(tachypnea) 

(hyperpnea,  hyperventilation) 

(bradypnea) 

Inspiration            Expiration 

rfl  A/VAAA/V 

/VWIATIA/VWWWVI 

imimv 

A_y\  Aji 

Volume  of  Air 

The  respiratory  rate  is  about 

Rapid  shallow  breathing 

Rapid  deep  breathing  also 

Slow  breathing  may  be 

8-16  per  min  in  adults  and  up 

has  a  number  of  causes, 

has  a  number  of  causes. 

secondary  to  such 

to  44  per  min  in  infants/ 

including  restrictive  lung 

including  exercise,  anxiety. 

causes  as  diabetic 

disease,  pleuritic  chest 

and  metabolic  acidosis,  in 

coma,  drug-induced 

pain,  and  an  elevated 

the  comatose  patient. 

respiratory  depression, 

diaphragm. 

infarction,  hypoxia,  and 

and  increased  intra- 

hypoglycemia affecting  the 

cranial  pressure. 

midbrain  or  pons  should  be 

considered.  Kussmaul  brea- 

thing is  deep  breathing 

associated  with  metabolic 

acidosis.  It  may  be  fast, 

normal  in  rate,  or  slow. 

Cheyne-Stokes  Breathing 


Ataxic  Breathing 

(Blot's  Breathing) 


Sighing  Respiration 


Apnea 


/Vv^ — \ 


hyperpnea       apnea 

Respiration  waxes  and 
wanes  cyclically  so  that 
periods  of  deep  breathing 
alternate  with  periods  of 
apnea  (no  breathing). 
Children  and  aging  people 
may  normally  show  this 
pattern  in  sleep.  Other 
causes  include  heart  failure, 
uremia,  drug-induced 
respiratory  depression,  and 
brain  damage  (typically  on 
both  sides  of  the  ceretirai 
hemispheres  of 
diencephalon). 


y^AA /U. 


Ataxic  breathing  is  char- 
acterized by  unpredictable 
irregularity.  Breaths  may 
be  shallow  or  deep  and 
may  stop  for  short  periods. 
Causes  include  respiratory 
depression  and  brain  dam- 
age, typically  at  the  me- 
dullary level. 


Breathing  punctuated  by 
frequent  sighs  should  alert 
you  to  the  possibility  of 
hyperventilation 
syndrome — a  common 
cause  of  dyspnea  and 
dizziness.  Occasional  sighs 
are  normal. 


Apnea  may  reflect 
CNS  dysfunction  or 
neuromuscular  failure 
(central  apnea)  or 
ainway  obstruction 
(obstructive  apnea).  In 
central  apnea,  both 
airflow  and  chest 
motion  are  absent.  In 
obstructive  apnea, 
airflow  is  absent  but 
chest  motion  persists. 


Fig.  1   Abnormalities  in  Rate  and  Rhythm  of  Breathing. 

Thus,  assessment  of  accessory  muscle  use,  intercostal 
retractions,  abdominal  paradox,  and  tachypnea  can 
be  u.seful  indicators  of  neuromuscular  dysfunction. 
Pneumograms  can  confirm  breathing  frequency  and 
the  presence  of  asynchrony  and  provide  a  record  of 
continuous  observations.  However,  pneumograms  are 


insensitive  to  unilateral  abnormalities  and  the  pattern 
of  accessory  muscle  use."  Transdiaphragmatic 
pressures  can  offer  confirmatory  evidence  of 
diaphragm  dysfunction,  and  clectromyograms  and 
fluoroscopy  can  be  specific  indicators  of  phrenic  nerve 
dysfunction. 
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Monitoring  without  Machinery: 
Pleural  and  Parenchymal  Disease 

Airway  Function 

The  specific  monitoring  goal  is  to  assess  airway 
caliber,  expressed  physiologically  as  airway  resistance 
(Raw)-  When  airway  caliber  is  sufficiently  reduced, 
wheezing  characteristically  occurs.  However,  if  airway 
narrowing  is  very  severe,  the  airflow  may  be  so 
minimal  that  wheezing  is  not  audible — thus  a  silent 
chest  is  an  ominous  sign  of  obstructive  airway  disease. 
Stridor  is  characteristic  of  upper  airway  obstruction. 
Other  important  clinical  signs  are  prolonged 
expiratory  time,  dyspnea,  and  changes  in  the 
ventilatory  pattern  (tachypnea  with  bronchospasm, 
bradypnea  with  upper  airway  obstruction).  Pulsus 
paradoxus  and  jugular-vein  pulsations  are  important 
observations  that  indicate  severe  airway  obstruc- 
tion.'"' Hyperinflation  is  also  a  specific  sign  of  air 
trapping  that  results  from  distal  airway  coUapse.^^ 
Signs  of  hypoxemia  and  hypercapnia  may  be  present 
if  the  airway  obstruction  is  severe.  Devices  that 
measure  Raw  or  specific  expiratory  flowrates  can  also 
be  helpful  in  quantitating  the  level  of  obstruction. 
These,  however,  rarely  add  much  to  the  impression 
gained  from  a  good  clinical  evaluation. 

Parenchymal  and  Pleural  Function 

Nonspecific  signs  of  lung  volume  loss  (restriction) 
include  dyspnea,  tachypnea,  and  tachycardia.  Careful 
auscultation  can  reveal  areas  of  consolidation, 
effusion,  atelectasis,  or  pneumothorax.'"'  Percussion 
can  be  useful  in  evaluating  pleural  disease:  effusion 
produces  a  dull  percussion  note  and  pneumothorax 
produces  hyperresonance."  Rales  and  rhonchi  suggest 
airway  and  alveolar  secretions  and  edema.  Careful 
evaluation  of  respiratory  secretions,  particularly 
microscopic  examination,  can  be  helpful  in  diagnosing 
a  number  of  alveolar  processes  (Table  3).  Aside  from 
chest  radiography,  technical  devices  that  assess  lung 
volume  loss  add  little  to  the  careful  clinical 
examination.  Technical  assessment  of  respiratory 
system  compliance  (ie,  Crs)  or  overall  impedance  (ie, 
Crs  and  Raw) — '"  conjunction  with  minute  ventilation 
demands — provides  estimates  of  the  total  ventilatory 
load,  expressed  as  work  or  mean  inflation  pres- 
sure."'"'"  By  themselves,  these  load  indices  probably 
do  little  more  than  quantitate  the  observations  made 


during  a  careful  clinical  evaluation.  However,  when 
taken  in  context  with  muscle  capabilities,  these  indices 
may  be  useful  in  predicting  successful  weaning."'" 

A  number  of  important  clinical  changes  occur  with 
air  trapping,  eg,  barrel-chest  configuration,  low- 
position  and  ineffective  movement  of  the  diaphragm, 
and  decreased  blood  pressure  and  increased  venous 
pressures  consequent  to  increased  intrathoracic 
pressures."  ■*'''  When  the  chest  is  severely  hyper- 
expanded,  the  diaphragm  may  be  almost  horizontal, 
with  a  characteristic  pattern  of  inward  motion  of  the 
lower  chest  during  inspiration.  Air  trapping  evidenced 
by  auto-PEEP  may  be  associated  with  high  minute 
volume  and  short  expiratory  times  in  the  mechanically 
ventilated  patient.""  One  typically  observes  the 
patient's  expiratory  flow  being  interrupted  by  the  next 
mechanical  breath.  An  expiratory  hold  or  brief 
termination  of  the  mechanical  rate  can  also 
demonstrate  the  presence  of  increased  pressure  and 
trapped  volume  in  the  chest.  Devices  to  monitor  air 
trapping  employ  direct  volume  measurement  and 
graphic  analysis  of  airway  pressures  and  flows. 
However,  a  good  clinical  examination  should  be 
capable  of  detecting  clinically  important  air  trapping. 

The  most  obvious  form  of  barotrauma  is  a 
pneumothorax.  Subtle  pneumothoraces  may  have 
only  nonspecific  signs  such  as  tachypnea  or 
tachycardia.  Clinically  important  pneumothoraces, 


Table  3.  Disease   States   Associated 
Appearance  of  the  Sputum* 


with    Abnormal    Gross 


Type  of  Sputum 


Lung  abscess 
Acute  bronchitis 
Chronic  bronchitis 
Pneumonia 
Pulmonary  edema 
Bronchiectasis 
Tuberculosis 
Lung  cancer 
Pulmonary  infarction 
Bronchial  asthma 
Cystic  fibrosis 
Aspiration  pneumonia 


purulent.t  fetid 

mucopurulent,  purulent,  bloody 

mucoid, t  mucopurulent 

purulent,  bloody 

bloody,  frothy,  sometimes  pink 

purulent,  fetid,  bloody 

bloody 

bloody 

bloody 

mucoid 

mucopurulent,  fetid 

purulent,  fetid 


*The  most  characteristic  sputum  appearance,  consistency,  and 
odor  are  listed. 

tPurulent  sputum  may  be  yellow  or  green. 
JMucoid  sputum  may  be  white  or  clear. 
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however,  produce  hypoxemia,  characteristic  decreases 
in  breath  sounds,  and  increases  in  the  percussion  note 
on  the  affected  side. '  '  Asymmetrical  chest  expansion, 
appearance  of  subcutaneous  air,  and  hyperresonance 
to  percussion  are  also  useful  signs  for  the  detection 
of  pneumothorax."  Sudden  cardiopulmonary  collapse 
in  a  mechanically  ventilated  patient  who  is  requiring 
high  ventilatory  pressure  suggests  the  presence  of  a 
tension  pneumothorax.  Technical  monitors  other  than 
the  chest  radiograph  offer  little  over  the  clinical 
examination  to  confirm  pneumothorax.  However, 
certain  clinical  signs  and  monitoring  devices  may  be 
useful  in  predicting  a  future  pneumothorax.  Sub- 
cutaneous emphysema  is  often  a  harbinger  of  a 
pneumothorax  because  it  reflects  air  leak  through  the 
interstitial  spaces  of  the  lung.  In  addition,  airway 
pressure  monitoring  can  be  a  very  useful  guide  to 
the  barotrauma  risk  in  mechanically  ventilated 
patients."  Lung  volume  measurements  may  also 
suggest  an  increase  in  trapped  air,  an  important  risk 
for  subsequent  barotrauma."' 

Pulmonary  vascular  function  involves  pulmonary 
artery  pressure,  pulmonary  capillary  pressure,  and 
pulmonary  blood  flow.  Pulmonary  artery  hyper- 
tension is  suggested  by  the  presence  of  right  ventricular 
enlargement;  a  ventricular  gallop,  or  third  heart  sound 
(S3);  an  increased  P2  (second  component  of  the  second 
heart  sound  heard  during  chest  auscultation);  and 
peripheral  edema.'  More  nonspecific  signs  include 
tachypnea  and  tachycardia.  Invasive  monitoring  (ie, 
right-heart  catheterization)  is  needed  for  accurate 
diagnosis,  but  the  clinical  examination  is  useful  in 
suggesting  the  diagnosis  and  for  monitoring  therapy. 
Mild  pulmonary  capillary  hypertension  may  be 
associated  only  with  tachypnea  and  tachycardia. 
However,  severe  pulmonary  edema  is  characterized 
by  rales,  frothy  sputum,  dyspnea,  and  signs  of 
hypoxemia.'  Invasive  hemodynamic  measurements 
are  diagnostic,  but,  again,  a  good  clinical  examination 
is  useful  for  determining  the  diagnosis  and  deciding 
on  the  monitoring  to  employ.  Reduction  in  pulmonary 
blood  flow  and  cardiac  output  are  characterized 
clinically  by  signs  of  left  and/or  right  ventricular 
failure  (ie,  ventricular  enlargement  and  gallop  rhythm) 
in  addition  to  hypotension  and  tachycardia.  Neck  vein 
distention  and  ankle  edema  (observable  through 
inspection  and  palpation)  are  also  signs  of  right-heart 
failure.  Hypoxemia  and  tissue  acidosis  occur  in 
cardiogenic  shock.  Invasive  monitoring  is  diagnostic, 
however,  and  should  be  used  to  guide  therapy. 


Monitoring  without  Machinery: 
Ventilatory  Muscles 

The  force-generating  (ie,  strength)  characteristics 
of  the  diaphragm  can  be  estimated  by  having  the 
patient  inhale  against  an  occluded  airway.^*  Strength 
can  be  quantified  with  a  pressure  measurement,  but 
it  can  also  be  estimated  by  a  clinical  evaluation  of 
the  patient's  effort  during  this  maneuver.  Assessment 
of  the  resting  muscle  length  is  also  important  for 
estimating  the  strength  characteristics  of  the  patient 
(ie,  hyperinflation  or  abdominal  displacement  can  put 
the  diaphragm  at  a  disadvantageous  portion  of  its 
length-tension  relationship).'''  Assessment  of  the 
patient's  nutritional  status  also  enters  into  evaluation 
of  the  diaphragm's  force-generating  capability. 

Respiratory  muscle  endurance  can  only  be 
evaluated  in  the  context  of  load.  Early  signs  of  fatigue 
are  increasing  tachypnea  and  subjective  dyspnea. 
There  is  some  evidence  that  this  can  be  objectively 
measured  by  spectrum  shifts  in  electromyographic 
recordings  of  the  diaphragm.^"  Later,  accessory 
muscles — the  intercostals,  scalenes,  and  sternocleido- 
mastoids— play  a  more  important  role  in  the 
ventilatory  efforts.  Classic  abdominal  paradox  is 
evidence  of  marked  fatigue.  Hypercapnia  and 
hypoxemia  are  later  signs  that  are  not  useful  in 
assessing  early  fatigue."'""'"^ 

At  the  present  time,  technical  assessment  and 
quantitation  of  diaphragmatic  strength  and  endurance 
do  not  replace  clinical  examination  of  the  diaphrag- 
matic response  to  increased  respiratory  loads. 

Summary  and  Conclusions 

The  clinical  examination  remains  an  important  tool 
for  monitoring  respiratory  function  in  the  critically 
ill  (Table  4).  Noninvasive  monitors  appear  to  offer 
little  additional  accuracy  or  precision  to  the  results 
of  clinical  examination  for  the  assessment  of  airway 
function,  ventilatory  drive,  and  ventilatory  muscle 
function.  Moreover,  the  clinical  examination  coupled 
with  the  chest  radiograph  remains  the  cornerstone 
for  evaluation  of  both  parenchymal  and  pleural 
disease. 

On  the  other  hand,  technology  has  clear  advantages 
over  the  clinical  examination  in  providing  the 
necessary  accuracy  and  precision  for  the  assessment 
of  oxygen  and  carbon  dioxide  tensions.  Pulmonary- 
vascular  and  right-heart  function  can  be  evaluated 
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Table  4.  'Tech"   vs   'Touch'   in   Noninvasive   Respiratory 
Monitoring  of  the  Critically  111 

'Tech'  over  'Touch' 

Clinically  important  improvements  in  accuracy  and/or 
precision: 
PjOt  (oximetry,  transcutaneous) 
PaCOi  (exhaled  CO:,  transcutaneous) 
Volume  loss  (chest  radiograph) 
Barotrauma  (chest  radiograph) 

Clinically  important  'warnings'  or  diagnoses  derived  from 
continuous  monitoring; 
Patient-ventilator  disconnects  (pressure,  flow,  COi) 
Ventilatory  pattern  changes  with  sleep,  weaning,  or  drug 

administration  (pneumograms,  thermistors,  CO2) 
Nonspecific  'early  warning'  (heart  rate) 

'Touch'  over  'Tech' 

Clinical  assessment  providing  unique  and  timely  information: 
Assessment  of  ventilatory  pattern 
Assessment  of  airway  function 
Assessment  of  volume  loss  causes 
Assessment  of  pulmonary  vascular  function  (especially 

right  ventricular  failure  and  edema) 
Assessment  of  ventilatory  muscle  load/capability 

relationships 


reasonably  well  by  clinical  examination,  but  invasive 
monitoring  is  still  needed  for  definitive  answers.  In 
the  critically  ill  patient,  continuous  noninvasive 
monitoring  appears  to  have  a  distinct  advantage  over 
clinical  spot-check  measurements  because  such 
continuous  monitoring  provides  information  on 
patient-ventilator  system  integrity  (redundant  systems 
should  include  pressure,  flow,  and,  perhaps,  CO2 
sensors);  ventilatory  pattern  during  sleep  (pneumo- 
grams, thermistors,  exhaled  CO2);  ventilation  during 
weaning  attempts;  and  ventilation  during  adminis- 
tration of  sedatives,  analgesics,  or  paralytics.  The  only 
other  useful  continuous  monitor  appears  to  be  a  heart 
rate  monitor  to  serve  as  a  nonspecific  early  warning 
system  for  a  variety  of  impending  changes  that  need 
more  careful  clinical  assessment. 

In  conclusion,  the  clinical  examination  remains  one 
of  the  best  systems  for  noninvasive  monitoring. 
Moreover,  the  clinical  examination  should  determine 
wiien  technical  monitoring  is  indicated,  and  not  vice 
versa.  Finally,  it  should  be  remembered  that  just  as 
technical  monitors  require  careful  construction, 
calibration,   and   maintenance,   clinicians   require 


proper  training,  retraining,  and  ongoing  development 
of  their  skills  to  remain  effective. 
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Maclntyre  Discussion 


Marini:  Neil,  earlier  in  the  conference 
we  touched  on  one  of  the  dangers  of 
relying  on  monitoring  too  much — care- 
givers begin  to  look  at  the  machines 
and  not  at  the  patient.  And,  you've 
done  a  very  nice  job  of  summarizing 
those  things  that  we  need  to  look  at. 
Of  the  things  that  I  personally  must 
evaluate  when  I  come  to  the  patient's 
bedside,  many  relate  to  questions  of 
symmetry — something     that     our 


machines  don't  do  very  well  for  us. 
To  illustrate  my  point:  Is  there  a 
difference  between  the  temperature  of 
one  limb  and  another  or  in  the  edema 
on  one  side  or  another?  Or,  more 
importantly  with  respect  to  the  lungs, 
are  breath  sounds  less  on  one  side  than 
the  other?  Is  there  a  localized  wheeze? 
Also,  so  often  we  find  ourselves 
juggling  decision  making  based  on  fluid 
levels.  Should  we  dry  this  patient  out? 
Should  we  give  him  more  fluids?  What 
does  the  heart  sound  like?  Is  there  a 
gallop?  Is  there  a  murmur?  And  some 


of  those  most  basic  things  are  just  not 
approached  routinely — they  must  be 
regularly  assessed  by  the  clinician. 
Maclntyre:  Let  me  go  back  and  talk 
about  your  idea  of  symmetry;  I  think 
that's  a  useful  concept.  Virtually  every 
monitor  I  can  think  of  treats  the  system 
it's  monitoring  as  a  single  unit,  and 
I  think  your  point  is  very  well  taken. 
Biologic  systems  are  not  single  units. 
Pneumonia  may  be  in  one  lobe  and 
not  the  other;  airway  obstruction  may 
be  in  one  bronchus  and  not  the  other; 
arterial  emboli  may  be  in  one  limb 
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only.  And  I  think  that's  a  very,  very 
important  limiting  feature  of  monitors, 
which  treat  the  patient  as  a  global 
phenomenon. 

Krieger:  Neil,  I'd  like  to  address  one 
point  that  you  stressed  heavily  and  one 
point  that  John  (Marini)  made.  John 
mentioned  listening  to  the  patient's 
heart.  I  think  that  the  cardiac  exami- 
nation is  a  lost  art — just  feeling  the 
chest  wall  for  an  asymmetric  cardiac 
impulse,  for  example.  Before  echo- 
cardiology,  methods  having  to  do  with 
symmetry  of  cardiac  motion  involved 
placing  transducers  on  the  chest  wall 
to  pick  up  information  as  important 
as  that  detected  by  today's  echo- 
cardiogram. Another  example:  One  of 
the  first  signs  of  a  pneumomediastinum 
is  a  Hamman's  "crunch"  or  a  peri- 
cardial friction  rub.  My  Fellows  never 
pick  that  up  because  they  aren't  attuned 
to  it.  Once  they  are,  they  won't  miss 
it  again.  Along  these  lines,  I  think,  as 
you  do,  that  the  respiratory  rate  is  an 
extremely  important  parameter  that  is 
often  overlooked.  In  fact,  I've  termed 
it  the  "sedimentation  rate  of  pulmonary 
medicine"  because  it's  very  sensitive 
but  not  specific.  Even  so,  it's  still  a 
parameter  that  often  is  our  first  sign 
that  something  is  going  haywire.  There 
are  very  few  pulmonary  catastrophes 
that  don't  have  as  a  hallmark  either 
an  increase  or  a  decrease  in  respiratory 
rate — especially  in  the  adult  ICU. 
Maclntyre:  I  try  to  get  the  Fellows 
and  the  therapists  to  wean  patients  just 
by  looking  at  respiratory  rate — without 
using  blood  gas  analysis  at  all.  We  get 
this  knee-jerk  reflex — 30  minutes  after 
you  turn  the  IMV  rate  down  or  turn 
the  pressure-support  level  down,  you 
must  draw  a  blood  gas  sample  or  you 
better  have  an  oximeter  there  to  keep 
an  eye  on  the  saturation.  If  you've 
diagnosed  your  patient  properly,  if 
you've  selected  the  patient  to  be 
weaned  properly,  and  he  truly  is  ready 
to  be  weaned — then  following  a  simple 
thing  like  the  respiratory  rate  is  all  that 
one  needs  to  do  to  carry  off  a  weaning 
procedure  very  safely  and  very  effec- 


tively. And,  as  you  said,  if  there  is  some 
change  in  the  way  the  patient  looks, 
the  way  his  respiratory  muscles  behave, 
the  way  his  ventilatory  pattern  is 
progressing,  only  then  do  I  advocate 
going  on  to  more  invasive  procedures 
like  drawing  a  blood  gas  sample. 
Krieger:  I  do  the  same  thing,  except 
that  when  I  see  a  change  in  breathing 
pattern — for  example,  in  rib  cage- 
abdominal  symmetry — I  often  don't 
bother  to  do  a  blood  gas  even  then, 
because  I  know  at  that  point  that  the 
patient  is  not  ready  to  fully  take  over 
his  own  work  of  breathing. 
Maclntyre:  Oh,  that's  a  very  good 
point.  We  actually  have  gotten  to  the 
stage — at  least  when  I'm  attending  on 
the  MICU — to  write  our  weaning 
protocol  to  reduce  whatever  the  mode 
happens  to  be  according  to  respiratory 
rate.  And,  if  respiratory  stays  below 
a  certain  cutoff — it's  usually  some- 
where in  the  high  20s  or  low  30s 
depending  upon  our  particular 
patient — weaning  continues.  On  the 
other  hand,  if  it  goes  up,  the  respiratory 
therapist  supervising  the  weaning 
procedure  automatically  jacks  the 
respiratory  rate  (if  it's  IMV)  or  the 
pressure-support  level  (if  it's  pressure 
support)  back  up  without  any  blood 
gases  being  done  at  all. 
Hess:  Certainly  a  point  of  Cohen's 
paper  was  that  the  blood  gas  levels  may 
be  okay  even  though  the  respiratory 
rate  may  be  increasing.'  So,  it  may 
actually  be  very  decei vi  ng  to  do  a  blood 
gas  because  you  may  be  lulled  into 
a  false  sense  of  security  that  things  are 
okay  when  they're  not. 

1.  Cohen  CA,  Zagelbaum  G,  Gross  D, 
Roussos  C,  Mackiem  PT.  Clinical 
manifestations  of  inspiratory  muscle 
fatigue.  Am  J  Med  1982;73:308-316. 

Maclntyre:  Dean,  I'm  glad  you 
brought  that  up  because  I  think  many 
of  us  have  seen  the  situation  where 
somebody  obviously  is  failing  a 
weaning  procedure — they're  tachyp- 
neic,  their  breathing  is  discoordinated, 
they    look    horrible — and    yet   the 


resident  says  "It  can't  be  that  they're 
failing  the  weaning  process  because 
their  Pco;  is  just  fine."  That's  a  point 
I  can't  emphasize  strongly  enough.  A 
figure  from  Cohen's  paper  illustrates 
that  (Fig.  I). 

Kacmarek:  Even  worse  than  that  is 
relying  on  the  noninvasive  monitor 
attached  to  that  patient— that 
continues  to  indicate  a  constant  value. 
Maclntyre:  Particularly  something 
like  an  oximeter. 

Kacmarek:  An  oximeter  or  an  end- 
tidal  COi  monitor.  Not  responding  to 
that  change  in  the  patient's  overall 
clinical  status.  Again,  because  people 
have  focused  on  the  monitor  and  not 
followed  changes  in  the  patient  over 
time. 

Branson:  I  agree  with  the  comments 
about  the  respiratory  rate.  The  paper 
we  published  on  weaning  in  Critical 
Care  Medicine  about  4  years  ago 
reported  our  finding  that  the  respira- 
tory rate  was  indeed  the  most  sensitive 
predictor  of  successful  weaning.'  Along 
those  same  lines,  Bouchard  et  al's  paper 
from  France,'  reported  using  the 
sternocleidomastoid  muscle  to  deter- 
mine optimal  pressure  support.  I've 
played  with  that  a  little  bit — not  in 
a  scientific  study.  I  wonder  if  anybody 
else  could  comment  on  that  possibility? 

1 .  DeHaven  CB,  Hurst  JM,  Branson  RB. 
Evaluation  of  two  different  extubation 
criteria:  Attributes  contributing  to 
success.  Crit  Care  Med  1986;  14:92- 
94. 

2.  Bouchard  L,  Harf  A,  Lorino  H, 
Lemaire  P.  Inspiratory  pressure 
support  prevents  diaphragmatic 
fatique  during  weaning  from  mechan- 
ical ventilation.  Am  Rev  Respir  Dis 
1989;139:513-521. 

Maclntyre:  I  think,  in  the  Bouchard 
et  al  study,  their  sternocleidomastoid 
retractions  were  correlated  best  with 
their  respiratory  rate. 
Kacmarek:  My  understanding  was  it 
correlated  best  with  the  reduction  of 
overall  work  load  below  10  J/min. 
And  that's  what  they  indicated  as  their 
threshold  for  an  appropriate  pressure- 
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support  level.  So,  there  were  circum- 
stances where  the  rates  were  higher 
than  probably  you  and  I  might  prefer 
in  their  population.  However,  the 
work  loads  were  less  than  that  10  J/ 
min  cutoff,  if  I  remember  their  data 
correctly. 

1.  Bouchard  L,  Harf  A,  Lorino  H. 
Lemaire  F.  Inspiratory  pressure 
support  prevents  diaphragmatic 
fatigue  during  weaning  from  mechan- 
ical ventilation.  Am  Rev  Respir  Dis 
1989:1.^9:513-521. 

Maclntyre:  Yes,  their  gold  standard 
was  the  EMG  shift,  and  they  did  not 
observe  an  EMG  shift  when  the  work 
load  was  below  10  joules  (J),  which 
is  kind  of  interesting  because  normal 
work  of  breathing  is  about  5  or  6  J/ 
min.  So,  it  seems  to  say  that  the.se 
patients  did  not  fatigue  at  normal  or 
slightly  elevated  works  of  breathing, 
but  would  fatigue,  or  at  least  have 
EMG  shifts,  if  the  work  load  went 
higher  than  that.  And  this  fatigue 
would    be    associated    with    both 


Fig.  1.  Sequence  of  changes 
'"  Paco  •  respiratory  rate, 
minute  ventilation,  and  high/ 
low  (H/L)  ratio  of  the  dia- 
phragm in  Patient  1  during  a 
20-min  attempt  at  discontinu- 
ation. The  initial  change  was 
the  fall  in  high/low  ratio, 
followed  by  a  progressive  in- 
crease in  respiratory  rate  The 
Paco.  initially  fell,  and  the 
patient  became  alkalemic 
Paradoxic  abdominal  dis- 
placements were  not  noted 
until  after  a  substantial  in- 
crease in  respiratory  rate  and 
minute  ventilation  had  occur- 
red. Hypercapnia  and  respira- 
tory acidosis  did  not  develop 
until  after  abdominal  paradox 
and  alternation  between  rib 
cage  and  abdominal  breaths 
were  noted  Just  before  arti- 
ficial ventilation  was  reinsti- 
tuted,  a  sharp  fall  in  respiratory 
frequency  and  minute  venti- 
lation occurred.  (Modified, 
with  permission,  from  Cohen 
CA,  Zagelbaum  G,  Gross  D, 
Roussos  C,  t^acklem  PT, 
Clinical  manifestations  of 
inspiratory  muscle  fatigue.  Am 
J  Ivied  1982:73:308-426.) 


tachypnea  and  sternocleidomastoid 
retractions, 

Krieger:  Neil,  1  think  there's  one  point 
that  needs  to  be  made  about  EMG 
shifts,  and  Marty  Tobin  has  written 
about  this.  An  EMG  shift  occurs 
within  2  minutesof  the  patient's  being 
off  the  ventilator  during  that  weaning 
trial.  Muscle  cannot  fatigue  within  2 
minutes — and  then  recover  soon  after 
return  to  the  ventilator.  And  I  think 
Tobin  has  brought  up  that  this  may 
not  be  frank  fatigue — it's  discoordi- 
nation,  or  inability  to  keep  up  with 
work  of  breathing. ' 

I.  Tobin  MJ,  Perez  W.  Gucnther  SM, 
Lodato  RF,  Dantzker  DR.  Does  rib 
cage-abdominal  paradox  signify  respi- 
ratory muscle  fatigue?  J  AppI  Physiol 
1987;63:851-860. 

Maclntyre:  Yes,  I  agree  with  your 
comment  about  fatigue  per  se,  but  it 
may  be  a  reflection  of  fatiguing  load. 
Chatburn:  Neil,  how  do  you  calibrate 
a  human  being? 


Maclntyre:  I  was  fascinated  with  your 
talk  because  you  compared  monitors 
by  describing  their  specifications  and 
characteristics  through  means, 
standard  deviations,  errors,  and  all  that 
sort  of  stuff.  On  the  other  hand,  a 
clinician  is  a  biologic  system  moni- 
toring another  biologic  system:  Spec- 
ifications and  characteristics  are  less 
easy  to  quantitate.  There  are,  thus,  huge 
standard  deviations  in  both  the  monitor 
and  the  monitored  that  we  know  exist 
but  have  no  way  to  quantitate. 

Chatburn:  Yes,  it  seems  that  an 
underlying  assumption  in  some  of  these 
discussions  is  that  there  are  situations 
in  vshich  a  human  monitor  is  better 
than  a  technical  monitor.  In  order  to 
get  at  that  kind  of  a  question  we  need 
to  actually  evaluate  relative  perfor- 
mance between  these  two  kinds  of 
systems.  This  means  that  we  must  first 
define  "performance"  for  a  human 
being. 

Marini:  I  would  propose,  Rob,  that 
to  calibrate  the  human  beings  we  first 
educate  them,  we  then  test  them,  and 
we  hold  them  to  standards. 

Chatburn:  That's  what  calibration 
ineans,  right? 

Marini:  Exactly.  And  1  hesitate  to  say 
this,  but  I  think  that  we  are  currently 
abandoning  some  of  that  calibration 
imperative.  We  certify  people  who 
have  no  right  to  be  certified;  we  have 
people  making  decisions  who  have  no 
right  to  make  them.  Although  many 
people  oppose  credentialing  and  they 
oppose  tests  to  certify  practitioners  in 
critical  care  and  the  like,  you  must  have 
something  like  that.  And  you  must  hold 
people  to  standards  and  have  them  go 
through  a  painful  process;  so  that  not 
only  can  they  be  the  low-tech  monitors, 
but  also  so  they  can  interpret  the  high- 
tech  information. 

Pierson:  It's  inescapable  that  we  will 
continue  to  need  both  the  kinds  of 
things  that  machines  can  monitor  and 
also  the  things  that  people  can  uniquely 
monitor,  which  are  not  well  transferred 
to   a    machine    function.    There    are 
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definitely  some  ICU  settings  in  which 
a  human  monitor  is  superior  to  the 
various  more  quantitative  parameters 
that  we  test.  That  was  nicely  illustrated 
in  a  study  by  Muir  and  his  colleagues 
in  Amiens,  France,  which  was  reported 
at  the  ATS  meeting  in  1985.'  They 
compared  IMV  vs  T-piece  weaning  in 
a  group  of  COPD  patients  after 
respiratory  failure,  to  see  which  was 
better.  They  measured  a  number  of 
things — including  the  Po.i  as  an  index 
of  central  drive,  the  negative  inspira- 
tory force,  the  minute  ventilation,  and 
several  other  things — and  they  also 
tossed  something  in  there  they  called 
the  "nurse-wean  index."  It  turned  out 
when  they  did  their  statistics  that  the 


only  function  examined  that  corre- 
lated significantly  with  the  patients" 
ability  to  wean — at  least  by  the  IMV 
method — was  the  nurse-wean  index. 
In  the  presentation,  it  was  left  at  that; 
but  when  I  discussed  it  with  Muir  later, 
the  nurse-wean  index  consisted  simply 
of  their  asking  the  most  experienced, 
senior  nurse  in  the  unit  to  express  on 
a  scale  from  1  -4  what  the  nurse  thought 
the  likelihood  was  that  the  patient 
would  come  off  the  ventilator.  And  that 
one  thing — the  nurse-wean  index — 
was  the  only  thing  significantly  corre- 
lated with  the  ability  to  wean  after 
prolonged  respiratory  failure.  1  think 
it's  unlikely,  in  such  situations  in  which 
the  reasons  for  weaning  failure  can  be 


so  complex  and  hard  to  make  objec- 
tive, that  we'll  be  able  to  substitute  a 
machine-generated  index  for  the 
experience  of  a  wise  clinician. 

1.  Muir  J-F,  Defouilloy  C,  Pawlicki  J- 
P,  Broussier  P-M,  Levi-Valensi  P. 
Acute  respiratory  failure  in  COPD 
patients:  IMV  vs  non-IMV  weaning 
(abstract).  Am  Rev  Respir  Dis 
1985;131:A130. 

Maclntyre:  The  clinician  (vs  the 
monitor)  does  offer  you  the  advantage 
of  integrating  everything,  and  the 
medical  bus  in  the  experienced 
clinician's  brain  is  probably  better 
than  any  RS  232  system. 
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Capnometry  and  Capnogiaphy:  Te( hnical  Aspects, 
Physiologic  Aspects,  and  Clinical  Applications 


Dean  Hess  MEd  RRT 


The  ability  to  measure  a  patient's  inhaled  and 
exhaled  carbon  dioxide  (CO:)  has  existed  for  many 
years.'  In  the  past  10  years,  this  technology  has 
evolved  so  that  it  is  now  available  in  many  critical 
care  units.  In  anesthesia,  CO:  monitoring  has  become 
a  standard  of  care."  "*  However,  the  understanding 
of  capnometry  and  capnography  by  health  care 
practitioners  has  not  evolved  as  quickly  as  the 
technology  has,  and.  as  a  result,  misconceptions  and 
unrealistic  expectations  have  become  prevalent.  The 
purpose  of  this  paper  is  to  review  the  current  state 
of  the  art  of  capnometry  and  capnography. 

Technical  Aspects 

Capnometry  and  Capnography 

Capnometry  is  the  measurement  of  CO;  at  the 
patient's  airway  during  the  ventilatory  cycle."''  The 
capnometer  provides  a  numeric  display  of  inhaled 
and  exhaled  CO:  tension  (Pco:)-  Capnography 
includes  capnometry;  a  device  that  measures  Pco: 
and  displays  a  waveform  is  called  a  capnograph.  The 
waveform  displayed  by  a  capnograph  is  called  a 
capnogram.  Some  controversy  exists  regarding  the 
usefulness  of  a  capnometer  that  does  not  display  a 
CO;  waveform."^  Generally,  I  believe  that  capno- 
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graphy  is  superior  to  capnometry  alone.  Capnography 
allows  the  validity  of  the  measured  Pco;  to  be 
assessed.  If  the  CO;  waveform  does  not  appear 
plausible,  then  the  data  provided  should  not  be  used. 
Evaluation  of  the  shape  of  the  CO;  waveform  can 
be  useful  in  the  diagnosis  of  certain  abnormal 
conditions,  as  I  will  discuss. 

Mainstream  vs  Sidestream  Capnometers 

With  mainstream  (non-diverting)  capnometers,  the 
sample  measurement  chamber  is  placed  at  the  airway 
(inhaled  and  exhaled  gas  goes  directly  through 
chamber)  (Fig.  1);  this  results  in  a  very  crisp 
capnogram  that  is  generated  almost  instantaneously. 
However,  mainstream  analyzers  are  difficult  to  use 
with  spontaneously  breathing  patients,  and  there  are 


Monitor 


Sensor 


Fig.  1.  Mainstream  capnograph. 
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Abbreviations  Used  in  this  Paper 

CO 

—  Carbon  monoxide 

C02 

—  Carbon  dioxide 

CPR 

—  Cardiopulmonary  resuscitation 

ICU 

—  Intensive  care  unit 

IMV 

—  Intermittent  mandatory  ventilation 

N, 

—  Nitrogen  gas 

N.O 

—  Nitrous  oxide 

Pacoj 

—  Alveolar  CO:  tension  (pressure) 

PaC02 

—  Arterial  CO2  tension 

PcO: 

—  CO:  tension 

Pe-co, 

—  Exhaled  Pco,  at  1 5%  of  total  lung  capacity 

PEEP 

—  Positive  end-expiratory  pressure 

PetCO; 

—  End-tidal  CO;  tension 

PIC02 

—  Inspired  CO;  tension 

P\/CO: 

—  Mixed-venous  CO;  tension 

Qs/Q, 

—  Pulmonary  shunt 

SIMV 

—  Synchronized  IMV 

TLC 

—  Total  lung  capacity 

Vd/Vt 

—  Dead-space-volume  to  tidal-volume  ratio 

V/Q 

—  Ventilation-perfusion  ratio 

Vt 

—  Tidal  volume 

A  Guide  to  the  Use  of  SI  in  This  Paper* 

The  SI  unit  for  pressure  is  the  kilopascal  (kPa). 

(torr)(0.133  3)  =  kPa. 

The  SI  unit  for  temperature  is  degrees  Kelvin  (°K). 

°C  + 

273.15  =  °K. 

*For  further  information  on  SI  (le  Systeme  International 

d'Unites),  see  Respir  Care  1988;33:861-873  (October 

1988)  and  Respir  Care  1989;34:145  (February  1989— 

Correction). 

problems  associated  with  mainstream  sensors:  They 
are  subjected  to  possible  damage  during  handUng  of 
the  devices  (for  example,  they  might  be  dropped), 
they  increase  mechanical  dead  space,  and  they  place 
additional  weight  on  the  artificial  airway  that  increases 
the  probability  of  airway  displacement.  However,  low 
dead-space,  lightweight,  reasonably  rugged  main- 
stream sensors  are  now  commercially  available. 

With  sidestream  (diverting  or  aspirating)  capnome- 
ters,  gas  from  the  airway  is  aspirated  through  fine- 
bore  tubing  to  the  sample  measurement  chamber 
inside  the  capnometer  (Fig.  2).  This  eliminates  many 


of  the  problems  associated  with  mainstream  sensors, 
but  introduces  problems  related  to  the  aspiration  of 
gas  from  the  airway.''"'''  The  sample  tubing  is  prone 
to  obstruction  with  secretions  and  water,  and  a  delay 
in  analysis  occurs  because  of  the  time  required  for 
the  sample  to  move  from  the  airway  to  the 
measurement  chamber.  This  delay  depends  upon  the 
length  of  the  sample  tubing,  the  diameter  of  the  sample 
tubing,  and  the  rate  at  which  the  sample  is  aspirated. 
Many  commercially  available  sidestream  capnome- 
ters  use  a  sample  flow  of  150  mL/min.  It  has  been 
shown  that  use  of  a  flow  that  is  too  slow  can  result 
in  artifacts  in  the  capnogram.'^  When  a  sidestream 
capnometer  is  used,  the  practitioner  must  take  care 
to  position  the  sample  port  so  that  the  sample  is 
not  contaminated  with  ambient  air.'"  In  anesthesia 
applications,  the  outlet  of  the  capnometer  must  be 
fitted  with  a  scavenger  system  or  routed  back  to  the 
patient  circuit  to  avoid  contamination  of  the  operating 
room  environment  with  anesthetic  gas.'"'" 

With  the  sidestream  capnometer,  excess  water  and 
secretions  must  be  removed  from  the  sample  before 
the  sample  enters  the  analysis  cell.  This  is  most  often 
done  with  water  traps  and  filters.  Tubing  such  as 
nafion,  which  is  water-vapor  permeable,  also  can  be 
used.  Some  systems  use  reverse  flow  or  a  purge  to 
clear  water  and  secretions  from  the  sample  tube; 
however,  for  infection  control  reasons,  this  technique 


Monitor 


Sample 
Port 


Fig.  2.  Sidestream  capnograph. 
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100 


2  4  5 

WAVELENGTH  (ym) 

Fig.  3.  Infrared  absorption  spectra  for  CO:,  H;0,  and  N:0. 
(Reprinted,  with  permission,  from  Reference  25.) 


is  not  recommended.  For  accurate  detection  of  CO2, 
it  is  also  important  that  the  sample  tubing  be 
impermeable  to  CO;  and  leak  free.' 

In  my  opinion,  neither  capnometer  design  is  clearly 
superior;  it  is  a  matter  of  personal  preference. 


The  Infrared  Capnometer 

Most  bedside  capnometers  used  in  respiratory  care 
measure  CO:  by  infrared  absorption.'*'  CO:  has  an 
absorption  peak  at  4.26  ^im.  As  seen  in  Figure  3, 
the  absorption  peak  for  CO:  lies  between  those  for 
water  (H;0).  The  peaks  for  nitrous  oxide  (N:0)  and 
carbon  monoxide  (CO)  are  close  enough  to  that  for 
CO:  to  produce  a  problem  with  interference.  Another 
problem  with  infrared  capnometry  is  pressure  (or 
collision)  broadening, ' '  "  in  which  collisions  between 
CO:  and  other  gases  (such  as  N:0)  affect  the  infrared 


energy  absorption  of  CO:.  Correction  factors  to  adjust 
for  the  effects  of  pressure  broadening  are  known  and 
can  be  used  to  correct  for  the  presence  of  gases  other 
than  CO:  in  the  mixture  that  is  being  analyzed. 

A  typical  nondispersive  double-beam  positive-filter 
capnometer  is  illustrated  in  Figure  4.'  The  detector 
is  filled  with  CO:.  Radiation  that  comes  through  the 
reference  and  sample  cells  affects  the  absorption  by 
CO:  in  the  detection  chamber.  CO:  in  the  sample 
cell  decreases  the  radiation  transmitted  to  the  detector. 
The  increased  radiation  transmitted  from  the  reference 
cell  (compared  to  that  from  the  sample  cell)  produces 
movement  of  a  diaphragm.  This  movement  is 
translated  to  a  display  of  the  amount  of  CO:  present 
in  the  sample  cell.  Interference  from  N:0  is  removed 
by  a  filter  that  absorbs  the  radiation  from  the  N:0 
absorption  band.  A  chopper  periodically  permits 
measurement  of  the  reference  signal,  the  sample  signal, 
and  the  dark  signal  (neither  reference  nor  sample 
signal). 

A  mainstream  capnometer  can  be  a  single-beam 
negative-filter  capnometer  (Fig.  5).'  The  infrared 
signal  is  directed  through  the  sample  cell  to  the 
detector;  however,  in  order  to  reach  the  detector,  the 
signal  also  must  pass  through  the  cell  in  a  chopper 
wheel.  Two  cells  are  present  on  the  chopper  wheel; 
one  contains  CO:,  and  the  other  contains  nitrogen 
gas  (N:).  Thus,  two  signals  are  detected,  and  the  ratio 
is  used  to  determine  the  CO:  concentration. 

With  the  mainstream  capnometer,  the  sample 
chamber  on  the  airway  can  serve  as  the  reference 
cell  during  inhalation.  This  device  assumes  that  the 
inspired  Pco-  is  zero  (Fig.  6),'  and  will  not  function 
correctly  if  CO:  is  present  in  the  inspired  gas. 

A  chopper  is  used  in  most  capnometers.  The 
chopper  is  important  for  several  reasons.    First,  it 


Mirrors  Chopper         Reference  Cell 


Source 
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N20 

Ffller 


Sample  Cell 


Patient         Pump 


Heat  Expands  Gas 
and  Moves  Diaphragm 
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Fig.  4.  Nondispersive  double-beam 
positive-filter  capnometer.  (Re- 
printed, with  permission,  from  Refer- 
ence 5.) 
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On  Airway  CO2  Sensor 


Detector 


Sensor 


^       \     Airway  Adapter 


Fig.  5.  Single-beam  negative-filter  capnometer. 
(Reprinted,  with  permission,  from  Reference  5.) 

allows  a  common  source  and  detector  to  be  used 
with  the  double-beam  capnometer.  Second,  it 
provides  an  alternating  signal  from  the  reference  and 
sample  cells.  Third,  it  produces  a  null  signal  (ie,  no 


IR-Emitter 
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1 

Chopper 
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IR-Filter 
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lifier 

Ventilator 
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CO2  Transducer 

Fig.  6.  Mainstream  capnometer  that  uses  inspiration  as 
the  reference  cell.  (Reprinted,  with  permission,  from 
Reference  24.) 


signal  from  either  sample  or  reference  cell)  that  helps 
to  eliminate  drift  and  interference. 

To  provide  accurate  measurements,  capnometers 
must  be  calibrated  at  regular  intervals.  This  involves 
occasional  use  of  a  5%  CO:  gas  mixture  and  more 
frequent  zero  calibration  with  room  air.  The  accuracy 
of  a  capnometer  should  be  ±  12%  or  +  4  torr  [0.5 
kPa],  whichever  is  larger."  The  performance  of  many 
commercially  available  capnometers  has  been 
reported."'^  '** 

The  Mass  Spectrometer 

The  mass  spectrometer  can  be  used  to  measure 
inspired  and  expired  CO:,  O:,  N:,  and  anesthetic 
agents."'^"'  A  typical  mass  spectrometer  is  illustrated 
in  Figure  7.'  The  gas  sample  is  aspirated  into  a  vacuum 
chamber  in  which  it  is  ionized  by  an  electron  beam. 
The  charged  fragments  are  accelerated  into  a 
dispersion  chamber  where  they  are  separated 
according  to  mass  and  charge.  Detectors  or  collectors 
measure  the  component  gases.  Many  mass  spectro- 
meters used  in  anesthesia  and  critical  care  are 
multiplex  units  that  alternately  sample  gases  from 
several  patients.  A  problem  associated  with  the  use 
of  mass  spectrometry  for  capnometry  is  that  N:0 
and  CO:  have  nearly  identical  gram  molecular 
weights.  The  potential  problem  is  overcome  by 
ionizing  N:0  to  N:0*  and  ionizing  CO:  to  C*. 
Because  of  their  cost,  mass  spectrometers  are  not  used 
as  commonly  as  infrared  capnometers  to  measure 
inspired  and  expired  CO:. 

Physiologic  Aspects 

The  Normal  Capnogram 

The  normal  capnogram  is  illustrated  in  Figure  8. 
During  inspiration,  Pco^  is  zero.  At  the  beginning 
of  exhalation,  Pco-.  remains  zero  as  gas  from  the 
anatomic  dead  space  leaves  the  airway  (A,  Phase 
I).  The  Pco^  then  rises  sharply  as  alveolar  gas  mixes 
with  dead  space  gas  (A-B,  Phase  II).  During  most 
of  exhalation,  the  curve  levels  and  forms  a  plateau 
(B-C,  Phase  III)  that  represents  gas  flow  from  alveoli 
and  is  thus  called  the  "alveolar  plateau."  The  Pco: 
at  the  end  of  the  alveolar  plateau  is  called  the  end- 
tidal  Pt(),  (Petc'O:)-  The  Peico:  may  not  occur  at 
end-exhalation  (ie,  immediately  before  inhalation). 
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Fig.  7    Mass   spectrometer    (Reprinted, 
with  permission,  from  Reference  5.) 


particularly  when  sidestream  capnometers  are  used 
that  aspirate  fresh  gas  when  expiratory  flow  ceases. 
For  this  reason,  some  clinicians  refer  to  Petco:  ^s 
"peak-exhaled  Pco-"  or  "maximal  exhaled  Pco2-" 
It  is  also  important  that  one  does  not  confuse  changes 
in  exhaled  Pco^  with  changes  in  flow.  The  capnogram 
records  Pco^  as  a  function  of  time,  and  flow  is  a 
factor  only  if  it  affects  this  relationship.  The 
capnogram  can  be  displayed  in  either  fast  or  slow 
speed.  The  fast  speed  allows  evaluation  of  the  fine 
detail  of  each  breath,  whereas  the  slow  speed  allows 
evaluation  of  trends  in  Pctco- 

The  PetcO'  presumably  represents  alveolar  Pco: 
(Paco:)-  Paco:  is  determined  by  the  rate  at  which 
CO:  is  added  to  the  alveolus  and  the  rate  at 
which  CO:  is  cleared  from  the  alveolus.  The  rate 


at  which  CO:  is  added  to  the  alveolus  is  deter- 
mined by  tissue  CO:  production  and  venous  blood 
flow  (perfusion).  The  rate  at  which  CO:  is  cleared 
from  the  alveolus  is  determined  by  alveolar 
ventilation.  Thus,  Paco-  'S  the  result  of  the  ventilation- 
perfusion  ratio  (V/Q).  With  a  normal  V/Q,  the 
Paco-  will  approximate  the  arterial  CO:  tension 
(PaCO-)  (F'g-  9).  If  ventilation  is  decreased  compared 
to  perfusion,  there  will  be  more  time  for  equilibration 
between  venous  CO:  tension  (Pyco:)  and  Paco->  and 
thus  the  PacO:  will  rise  towards  Pvco:-  With  a  high 
V/Q  (ie,  dead  space),  Paco-  will  approach  the 
inspired  Pco-  (P|co-)<  which  is  usually  zero.  Petco- 
is  a  measurement  of  a  mixture  of  gas  flowing 
simultaneously  from  millions  of  alveoli,  and  represents 
the  mixture  of  many  different  Paco-s.  Theoretically, 
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Fig.  8.  The  normal  capnogram. 
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Fig.  9    Paco  with  low  V/Q  (A),  normal  V/Q  (B),  and  high 
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Table  1.  Causes  of  Increased  PetcO: 


Increased  CO2  production  and  delivery  to  the  lungs 

fever 


sepsis 

bicarbonate  administration 

increased  metabolic  rate 


Decreased  alveolar  ventilation 

respiratory  center  depression 
muscular  paralysis 
hypoventilation 
COPD 

Equipment  malfunction 

rebreathing 

exhausted  CO;  absorber 

leak  in  ventilator  circuit 


Petco2  could  be  as  low  as  the  Pjco:  (zero)  or  as 
high  as  the  Pycoo — t)"'  "ot  higher. 

An  increase  or  decrease  in  Petco:  can  be  the  result 
of  changes  in  CO:  production  and  delivery  to  the 
lungs,"'""  changes  in  alveolar  ventilation,  or 
equipment  malfunction  (Tables  1  and  2).  However, 
because  of  homeostasis,  compensatory  changes  may 
occur  so  that  Petco;  does  not  change.  For  example, 
if  CO2  production  increases  (such  as  with  fever)  and 
alveolar  ventilation  increases  proportionately  (the 
normal  homeostatic  response)  then  Petco:  might  not 


Table  2.  Causes  of  Decreased  PetCO: 

Decreased  CO:  production  and  delivery  to  the  lungs 

hypothermia 

pulmonary  hypoperfusion 

cardiac  arrest 

pulmonary  embolism 

hemorrhage 

hypotension 

Increased  alveolar  ventilation 

hyperventilation 

Ex)uipment  malfunction 

ventilator  disconnect 
esophageal  intubation 
complete  airway  obstruction 
poor  sampling 
leak  around  endotracheal  tube  cuff 


change.  In  clinical  practice,  Petco:  is  a  nonspecific 
indicator  of  cardiopulmonary  homeostasis  and  usually 
does  not  indicate  a  specific  problem  or  abnormality. 
If  the  Paco:  is  measured,  then  the  gradient  between 
Paco:  3nd  PetcO:  [P(a~et)co2]  can  be  calculated.  This 
gradient  is  normally  small  (<  5  torr  [0.7  kPa]). 
However,  with  dead  space-producing  disease  (high 
V/Q),  the  Petcoi  r"^y  be  considerably  less  than  the 
PaCO:  (Table  3).  In  patients  with  airway  obstruction, 
Tulou  and  Walsh  found  that  the  P(a-et)co2  decreased 
significantly  if  Petco:  was  measured  at  maximal 


Table  3.  Causes  of  Increased  P(a-et)C02 

Pulmonary  hypoperfusion 

Pulmonary  embolism 

Cardiac  arrest 

Positive  pressure  ventilation  (especially  with  PEEP) 

High-rate  low-tidal-volume  ventilation 


exhalation."  Although  shunting  may  result  in  a  large 
gradient  between  Pao^  and  Pa02>  it  will  only  have 
a  small  effect  on  the  P(a-et)COv 

On  occasion,  the  Petco ^  may  be  greater  than  the 
Paco^-^"^'  The  physiologic  reasons  for  a  Petco-  greater 
than  Pacoi  arc  not  well  understood,  but  may  be 
related  to  low  (but  finite)  V/Q  regions  within  the 
lung.  Fletcher  and  Jonson  have  reported  that  Petco: 
is  more  often  greater  than  Paco-  when  the  tidal 
volume  (Vj)  is  high.'*"  With  a  larger  Vj,  there  is 
a  greater  expiratory  time  that  may  allow  lung  units 
with  a  low  V/Q  (and  thus  a  longer  time  constant) 
to  empty.  Jones  et  al  found  Petc02  to  be  greater  than 
PaC02  during  exercise,  and  attributed  this  to  an 
increase  in  Paco-  because  of  increased  CO:  that  is 
emitted  into  a  lung  volume  becoming  smaller  during 
exhalation.   ' 

When  comparing  Paco-  with  Petco-  it  is  important 
to  adjust  the  Paco-  to  the  patient's  body  tempera- 
ture if  it  is  not  37  °C  [310°K].-'-~'"  Failure  to  adjust 
the  Paco2  for  temperature  will  result  in  an  incorrect 
P(a-et)CO:. 

Much  of  the  reported  research  on  the  relationship 
between  Petco-  and  PacO:  has  been  done  in 
anesthesia.  In  a  frequently  cited  paper,  Nunn  and 
Hill'"'  reported  a  mean  P(a-et)CO:  of  4.7  ±  2.5  torr 
[0.63  ±  0.33  kPa],  which  was  determined  from  12 
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'fit'  patients  during  anesthesia.  Phan  et  al'"'  reported 
a  P(a  et)CO:  of  5.8  ±  5.9  torr  [0.77  ±  0.78  kPa] 
from  21 1  measurements  in  23  anesthetized  patients. 

Interestingly,  there  has  been  little  reported  on  the 
relationship  between  Petco>  ^nd  Pate  '"  stable 
critically  ill  patients.  Donati  et  al'"  found  a  P(a-et)co- 
of  3.2  ±  2.8  torr  [0.43  ±  0.37  kPa]  in  20  patients 
following  coronary  artery  bypass  surgery.  Hoffman 
et  al"*"  found  that  Petco^  was  misleading  when  used 
to  estimate  Paco^ '"  intensive  care  unit  (ICU)  patients 
receiving  various  levels  of  mechanical  venti- 
lation, primarily  because  of  large  variability  in  the 
P(a  et)CO-  I  think  it  is  important  that  more  work 
be  done  to  define  the  'normal'  relationship  between 
Paco-  and  Petco-  in  stable  critically  ill  patients. 

Several  investigators  have  also  evaluated  the 
stability  of  the  P{a  et)CO:-  In  a  canine  model,  Das 
et  al^"  found  good  correlation  between  Petco-  ^nd 
Paco-  over  a  wide  range  of  Paco:^  (14-104  torr  [1.9- 
13.9  kPa]).  Takki  et  al"  evaluated  P(a-et)co:  during 
five  types  of  ventilation  and  found  that  the  gradient 
was  stable.  Perrin  et  al  "  varied  the  ventilation  in 
a  series  of  patients  and  found  that  changes  in  Paco^ 
could  be  used  to  predict  changes  in  Paco-  Whitesell 
et  al^^  found  that  the  P(a  et)C02  was  stable  during 
anesthesia,  and  suggested  that  Petco^  could  be  used 
to  predict  Paco-  of  an  individual  patient  once  the 
gradient  was  determined  for  that  patient.  However, 
Raemer  et  al"  found  that  the  P(a-ei)co-  was  too 
variable  during  anesthesia  to  allow  precise  prediction 
of  Paco-  from  Petco  ■  I  believe  that  further  evaluation 
of  P(a-^t)co2  stability  in  critically  ill  patients  is 
needed — especially  when  ventilator  changes  (eg, 
changes  in  rate  and  Wj)  are  being  made. 


The  Capnographic  Waveform 

Capnography  consists  not  only  of  the  measurement 
of  inspired  and  expired  CO:  concentration  but 
evaluation  of  the  capnogram  as  well.  The  shape  of 
the  capnogram  can  be  characteristic  in  many  clinical 
conditions.'^ 

In  airflow  obstruction,  the  capnogram  is  charac- 
terized by  either  the  absence  of  a  true  alveolar  plateau 
or  an  increased  slope  of  the  alveolar  plateau.  If  airflow 
obstruction  is  severe,  an  increase  in  Petco-  may  also 
be  exhibited  (Fig.  10).  The  lack  of  an  alveolar  plateau 
is  the  result  of  the  presence  of  alveoli  with  long  time 
constants  that  contribute  CO:-rich  gas  to  the  expired 


gas  flow.  In  reversible  airflow  obstruction,  broncho- 
dilator  therapy  may  normalize  the  shape  of  the 
capnogram. 


eg 

o 
o 
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Time 

Fig.  10.  Capnogram  produced  with  airflow  obstruction. 

In  patients  with  bradypnea,  cardiac  oscillations  may 
be  seen  on  the  capnogram  (Fig.  11).^''  These 
oscillations  are  thought  to  be  the  result  of  the  heart 
beating  against  the  lungs.  The  presence  of  cardiac 
oscillations  on  the  capnogram  is  a  normal  finding 
with  bradypnea. 


Time 

Fig.  11.  Capnogram  with  cardiac  oscillations. 


Rebreathing,  the  inhaling  of  previously  exhaled  gas. 
is  characterized  by  an  increase  in  both  inspired  and 
expired  CO;  (Fig.  12).  Rebreathing  may  be  caused 
by  a  malfunctioning  exhalation  valve,  excessive 
mechanical  dead  space,  or  depletion  of  the  CO: 
absorbent  in  the  anesthesia  circuit. 

A  downward  spike — the  "curare  cleft" — may  be 
seen   in   the  expiratory   capnogram   of  patients 


Time 

Fig.  12.  Capnogram  produced  with  rebreathing. 
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Time 

Fig.  13.  Capnogram  with  curare  cleft. 

recovering  from  neuromuscular  blockade  (Fig.  13). 
The  curare  cleft  is  commonly  seen  in  patients  who 
are  not  breathing  in  synchrony  with  the  ventilator 
or  in  patients  who  are  exhibiting  uneven  expiratory 
flows,  and  should  not  be  exclusively  associated  with 
neuromuscular  blockade. 

Clinical  Applications 

Capnometry  during  Spontaneous  Ventilation 

Capnometry  is  most  often  used  in  association  with 
mechanical  ventilation.  However,  a  variety  of 
techniques  have  been  used  to  measure  Petco:  during 
spontaneous  breathing.  ^""^  One  of  these  techniques 
utilizes  a  modified  nasal  cannula  (Fig.  14).  Bowe  et 
al^'^   described  the  construction   of  this   modified 


Fig.  14.  Modified  nasal  cannula  for  capnometry  during 
spontaneous  breathing.  (Reprinted,  with  permission, 
from  Reference  58.) 


cannula  and  evaluated  its  use  in  21  patients.  The 
P(a-et)C02  values  determined  via  the  cannula  were 
similar  to  those  obtained  after  patients  were  intubated. 
Oxygen  could  be  administered  to  the  patient  through 
the  prong  that  was  not  used  to  sample  gases  by  the 
capnometer. 

When  a  capnometer  is  used  with  a  nasal  cannula, 
it  is  important  that  the  sample  not  be  contaminated 
with  room  air.  Such  contamination  will  result  in 
significant  underestimation  of  Petcoi-  I  have  been 
disappointed  with  the  use  of  a  nasal  cannula  to 
monitor  Petcoi'  ^^^  have  found  this  technique  to 
result  in  a  very  low  Petco:  (probably  because  of 
contamination  with  room  air). 

The  use  of  capnometry  during  exercise  has  also 
been  described.'""''""  Jones  et  al"''  developed  the 
following  equation  to  predict  Paco2  from  Petc02  (••! 
torr)  during  exercise: 

PaCO:  =  5.5  +  (0.90)  (Petco:)  -  (0.002  1)(Vt). 

Chambers  et  al''  found  that  measurement  of  Petco2 
during  electrocardiogram  (ECG)  stress  testing 
provided  objective  data  to  support  a  clinical  suspicion 
of  chest  pain  induced  by  hyperventilation.  They  found 
a  greater  incidence  of  hypocapnia  during  exercise 
testing  in  patients  with  nonischemic  chest  pain  than 
in  patients  with  ischemia  or  in  control  subjects. 

Capnometry  with  Increased  Dead  Space  Ventilation 

Several  studies  have  evaluated  the  relationship 
between  the  P(a-et)C02  ^^d  dead-space-volume  to 
tidal-volume  ratio  (Vd/Vj).''''""  Fletcher  et  al'' 
found  that  patients  with  increased  alveolar  dead  space 
ventilation  had  an  increased  slope  of  the  alveolar 
plateau  on  the  capnogram.  Yamanaka  and  Sue'* 
showed  that  the  P(a-et)co2  correlated  closely  with 
Vd/Vx  (r  =  0.80).  Similarly,  Poppius  et  al"  found 
that  the  P(a-et)co:  correlated  well  with  Vd/Vj 
(r  =  0.74).  Bermudez  and  Lichtiger"  found  an 
increased  P(a  et)C02  following  cardiopulmonary 
bypass  and  attributed  it  to  increased  dead  space 
ventilation. 

In  several  studies,  occlusion  of  branches  of  the 
pulmonary  circulation  resulted  in  a  decrease  in  Petco2 
compared  to  Paco:-  This  has  been  reported  in 
experimental  studies  of  dogs,'"  children  during  heart 
surgery,**"  and  children  undergoing  repair  of 
congenital  cardiac  defects." 
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Since  the  late  1950s,  there  has  been  interest  in 
the  use  of  Peico-  to  detect  acute  pulmonary 
embolism.""  "'  Unfortunately,  this  use  of  Peico,  seems 
to  be  more  sensitive  than  specific.  In  other  words, 
although  the  P^^  et)co-  is  usually  increased  when 
pulmonary  emboli  are  present,  it  is  also  increased 
in  the  absence  of  pulmonary  emboli.  Although 
capnometry — with  other  diagnostic  criteria — may  be 
useful  in  the  diagnosis  of  pulmonary  embolism,  the 
Petto '  by  itself  is  of  limited  usefulness.  Hatle  and 
Rokseth'"^  found  that  measuring  Petco:  at  forced 
exhalation  increased  the  usefulness  of  the  P(a  et)C0: 
for  the  evaluation  of  acute  pulmonary  embolism. 
Eriksson  et  a^'  extrapolated  Phase  III  of  the 
capnogram  to  determine  the  Pco:  at  159f  of  the 
predicted  total  lung  capacity  (Pe'coO-  Pe'co:  's 
therefore  an  estimation  of  what  Peco:  would  be  if 
the  person  exhaled  to  the  point  at  which  15%  of 
TLC  remained  in  the  lungs.  They  then  calculated 
Mate  dead  space  fraction'  as: 

(PaCO;  -  PE"C0:)/PaC02 

and  found  that  this  was  superior  to  either  Pato:" 
Pe'cO:  or  Vq/Vt  for  the  diagnosis  of  pulmonary 
embolism.  With  maximal  exhalation,  the  gradient 
approached  zero  in  patients  with  obstructive  lung 
disease  but  remained  high  in  patients  with  pulmonary 
embolism.  In  a  canine  model,  Byrick  et  al^"  found 
that  monitoring  of  pulmonary  artery  pressure  was 
more  sensitive  than  capnometry  in  the  detection  of 
fat  and  marrow  embolism. 

Use  of  Capnometry  To  Detect 
Esophageal  Intubation 

Esophageal  intubation  is  a  serious  problem  in 
critically  ill  patients,"  and  it  can  occur  at  the  time 
ofintubation,  during  manipulation  of  the  endotracheal 
tube,  or  during  movement  of  the  patient's  head." 
Esophageal  intubation  can  be  difficult  to  recognize, 
particularly  in  obese  patients  or  patients  in  whom 
the  vocal  cords  cannot  easily  be  visualized.  Of  the 
methods  available  to  detect  esophageal  intubation, 
measurement  of  Petco2  'S  regarded  as  the  most 
reliable,  and  it  has  been  suggested  that  PftcO'  should 
be  used  routinely  to  verify  correct  endotracheal  tube 
placement.** 

Using  a  dog  model,  Murray  and  Modeir"  found 
PetcOi    'o   be    useful    for   recognizing   esophageal 


intubation.  Monitoring  of  esophageal  Pco;  resulted 
in  low  Pctco  •  Total  obstruction  of  the  endotracheal 
tube  also  resulted  in  a  drop  in  Petco:'  and  evaluation 
of  the  capnographic  waveform  was  useful  in  the 
detection  of  partial  endotracheal  tube  obstruction. 

In  a  study  of  20  patients,  Linko  el  al'"'  found  Petco: 
to  be  useful  in  the  detection  of  esophageal  intubation. 
They  found  that  esophageal  P(x),  could  be  quite  high 
(4.4-4.9")  following  exhaled  gas  ventilation  with 
associated  inadvertent  gastric  distention.  However,  the 
esophageal  CO;  concentration  dropped  to  1-1.6% 
following  six  ventilations  of  the  stomach.  Guggen- 
berger  et  al"  reported  rapid  detection  of  accidental 
esophageal  intubation  in  2 1  patients  during  anesthesia. 

Zbinden  and  Schupfer''"  reported  a  case  in  which 
the  capnogram  revealed  a  pattern  suggestive  of 
tracheal  intubation  for  a  few  breaths  in  an  esopha- 
geally  intubated  child  who  had  ingested  carbonated 
beverage  prior  to  intubation.  Garnett  et  ar'  evaluated 
the  effects  of  ingested  carbonated  beverages  on 
esophageal  Pco:-  They  instilled  beer  into  the  stomachs 
of  dogs,  and  compared  esophageal  Pco:  to  tracheal 
Pco^-  Ingestion  of  the  carbonated  beverage  resulted 
in  an  increased  esophageal  Pco:-  However,  this  Pco; 
decreased  rapidly  following  10-15  seconds  of  bag- 
resuscitator  ventilation  to  the  esophagus.  Thus,  gastric 
CO:  was  quickly  washed  out  and  PetcO:  confirmed 
esophageal  intubation. 

Owen  and  Cheney'"'  reported  the  usefulness  of  a 
CO:  apnea  monitor  to  detect  esophageal  intubation. 
The  advantage  of  apnea  monitoring  is  that  it  costs 
less  than  capnometry;  the  disadvantages  are  that  it 
is  qualitative  rather  than  quantitative  (it  detects  only 
the  presence  or  absence  of  CO:),  and  it  does  not 
provide  a  capnographic  waveform  or  display  of 

Petco:- 

Simple  calorimetric  techniques  for  evaluating  the 

presence  of  CO:  in  exhaled  gas  have  been  available 

for  more  than  50  years.  In  1916,  Marriott"'  described 

the  use  of  phenolsulfonephthalein,  which  produced 

a  color  change  in  the  presence  of  CO:.  By  collecting 

alveolar  gas,  exposing  the  indicator  to  the  gas,  and 

comparing  the  resultant  indicator  color  to  standards, 

Marriott  was  able  to  determine  the  concentration  of 

alveolar   Pco-    I"    1959,   Smith   and    Valpitto"" 

described  a  barium  hydroxide  precipitation  reaction 

that   could   be   used   to  evaluate   alveolar  CO: 

concentration.  In  1984,  Berman  et  al**'  described  the 

"Einstein  Carbon  Dioxide  Detector,"  which  used 
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cresol  red  and  phenolphthalein  to  produce  a  color 
change  from  red  to  yellow  in  the  presence  of  exhaled 
CO:.  They  suggested  that  this  device  might  be  useful 
to  confirm  tracheal  intubation  or  to  detect  esophageal 
intubation. 

A  low-cost  ($15)  disposable  device  for  detect- 
ing esophageal  intubation  (Fig.    15)  has  recently 


Fig.  15.  Disposable  device  (Fenem)  to  detect  esopha- 
geal intubation. 

become  commercially  available  (Fenem,  New  York 
NY).'*^"'^  This  device  produces  a  color  change  in 
the  presence  of  exhaled  CO:.  A  bench  study  done 
in  our  laboratory  indicated  that  this  device  produces 
appropriate  color  changes  over  a  wide  range  of  Petco:^ 
and  ventilatory  patterns.'"^  However,  further  clinical 
evaluation  of  this  device  is  needed.  Like  the  apnea 
monitor,  this  device  suffers  the  limitations  of  not 
providing  a  capnographic  waveform  or  a  quantitative 

Petco:- 

Several  limitations  of  the  use  of  Petco  ^  to  detect 
esophageal  intubation  must  be  recognized.  First, 
significant  levels  of  CO:  can  be  present  in  the  stomach 
following  exhaled  gas  ventilation  or  ingestion  of  a 
carbonated  beverage.  However,  this  CO:  is  quickly 
cleared  with  bag-resuscitator  ventilation  of  the 
esophagus.''  Second,  exhaled  CO:  from  the  lung  can 
be  very  low  in  the  presence  of  low  pulmonary 
perfusion.  Thus,  the  usefulness  of  monitoring  of  Pgtco^ 
to  detect  esophageal  intubation  may  be  limited  during 
cardiac  arrest.  However,  in  one  canine  study  it  was 
shown  that  Petco:  was  lower  with  esophageal 
intubation  (mean  5  torr  [0.67  kPa])  than  with  tracheal 
intubation  (mean  21  torr  [2.8  kPa])  during  cardiac 

»  105 

arrest. 


PetCO:  Monitoring  during  Cardiac  Arrest 

It  has  been  known  for  many  years  that  a  decrease 
in  pulmonary  blood  (ie,  cardiac  output)  results  in 
a  decrease  in  Petco:- ""''""  Many  investigators  have 
evaluated  the  ability  of  Petco^  to  monitor  pulmonary 
blood  flow  during  resuscitation.  Because  Petco^  is 
determined  by  V/Q,  if  V  is  held  constant,  then  changes 
in  Q  will  presumably  be  reflected  by  changes  in 
PetCO:- 


108-1 10 


and  canine'"'"^  models  of  cardiac 


Porcine 

arrest  have  suggested  that  Petco  ^  's  useful  in  the 
evaluation  of  cardiopulmonary-resuscitation  (CPR) 
effectiveness.  Typically,  the  onset  of  cardiac  arrest 
results  in  a  drop  of  Pgtco^  to  zero.  With  the  initiation 
of  CPR,  there  is  an  increase  in  Pgtco:-  The  Petco: 
correlates  with  cardiac  output  (ie,  pulmonary  blood 
flow)  during  CPR,'°^  and  coronary  perfusion  pressure 
(aortic  pressure  -  right  atrial  pressure)  during  CPR. '"'' 

An  exciting  finding  of  animal  studies,  in  which 
Petco^  monitoring  was  used  during  CPR,  is  the 
reported  usefulness  of  Petco^  as  a  prognosticator  of 
resuscitability."'  Higher  Petco^s  were  observed 
during  the  resuscitation  of  animals  that  were 
successfully  resuscitated  than  during  the  resuscitation 
of  those  that  were  not.  Thus,  a  very  low  Petco  ^  during 
CPR  was  not  likely  to  be  associated  with  a  positive 
outcome. 

Several  reports  have  shown  CO:  monitoring  to 
be  useful  during  the  resuscitation  of  humans.'"  '"° 
Kalenda  observed  that  Petco;  decreased  when  a 
resuscitator  became  fatigued  and  that  Petco^  increased 
when  a  new  resuscitator  took  over.'"  Garnett  et  al"'' 
evaluated  Petco^  in  23  patients  following  cardiac 
arrest  and  found  that  Petco^  increased  immediately 
in  patients  who  had  a  return  of  spontaneous 
circulation.  However,  they  also  found  that  Petco^  was 
not  useful  in  predicting  the  patients  who  had  a 
spontaneous  return  of  circulation.  Similar  results  were 
reported  by  Falk  et  al""  in  an  evaluation  of  13 
episodes  of  cardiac  arrest  in  10  patients.  In  contrast 
to  Garnett  et  al,  Sanders  et  al""  found  that  Petco- 
during  CPR  was  useful  for  identifying  patients  who 
were  likely  to  be  resuscitated;  patients  who  were 
resuscitated  had  a  Petco-  of  15  ±  4  torr  [2.0.  ± 
0.5  kPa]  during  resuscitation,  but  patients  who  could 
not  be  resuscitated  had  a  Petco:  of  only  7  +  5  torr 
[0.9  +  0.7  kPa]  during  resuscitation. 
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If  bicarbonate  is  administered  during  CPR,  the 
usefulness  of  Petco:  as  an  indicator  of  pulmonary 
blood  flow  may  be  reduced  because  an  increase  in 
Petco- — independent  of  pulmonary  blood  flow — may 
result. 

It  is  premature  to  recommend  the  routine  use  of 
capnometry  during  resuscitation.  However,  the  use 
of  Peico-  as  a  real-time  objective  indicator  of  resusci- 
tation effectiveness  is  promising. 


Capnometry  in  Infants  and  Children 

Monitoring  of  Petco:  'S  difficult  in  infants  and 
children  because  the  small  Vjs  and  rapid  respiratory 
rates  may  not  produce  a  valid  capnogram,  and 
consequently  identification  of  a  valid  Petco:  becomes 
difficult.  There  has  also  been  less  interest  in  using 
capnometry  for  infants  and  children  than  for  adults, 
because  of  the  prevalence  of  transcutaneous  Pco: 
monitoring  in  infants  and  children. 

Epstein  et  al'"'  evaluated  peak-expired  CO:  in  24 
mechanically  ventilated  neonates  and  found  that 
expired  CO:  consistently  underestimated  Paco: 
(mean  7.5  torr  [1.0  kPa]).  They  also  found  that  the 
airway  adapter  used  to  measure  CO:  led  to  CO: 
retention  in  half  of  the  patients.  Watkins  and 
Weindling'""  evaluated  Petco:  in  19  infants  with 
respiratory  disease  and  found  poor  correlation 
between  Paco^  and  Petco:  U  =  0.388).  They  con- 
cluded that  capnometry  might  be  useful  only  in  infants 
with  normal  lung  function.  Hand  et  al'''  evaluated 
PetCO:  in  12  infants  and  observed  that  Petco:  grossly 
underestimated  Paco^  in  most  severely  ill  infants.  In 
27  intubated  neonates,  McEvedy  et  al''^  found  that 
PetCO:  measured  from  the  distal  endotracheal  tube 
was  significantly  greater  than  proximally  measured 
Petco-  To  measure  Petco:  from  the  distal  end  of 
the  endotracheal  tube,  a  catheter  was  passed  to  the 
distal  end  of  the  endotracheal  tube.  They  found 
monitoring  of  distal  PetcO:  to  be  useful  in  neonates 
with  mild-to-moderate  lung  disease  but  not  in 
neonates  with  severe  lung  disease. 

Others  have  found  capnometry  to  be  useful  in 
infants  and  children.  Using  a  rabbit  model,  Evans 
et  al'""  concluded  that  PetcO:  's  a  good  estimate  of 
PaC02  at  respiratory  rates  of  10-100/min.  Lindahl 
et  al'"*^  reported  a  high  correlation  between  Pctco: 
and  Paco-  in  normal  children  (r  =  0.94)  and  in  children 


with  acyanotic  congenital  heart  disease  (r  =  0.98). 
Meny  et  al'*'  reported  moderate  correlation  between 
Paco:  and  Petco:  ("■  ~  0.69),  and  found  that  the 
P(a-et)cO:  was  greater  in  patients  with  severe  disease 
than  in  those  with  moderate  disease.  Nelson  et  al'" 
found  a  mean  P(a  et)co:  of  1 .7  torr  [0.2  kPa]  in  infants, 
and  Valentin  et  al  '"*  reported  a  median  P(a-et)C02 
of  5  torr  [0.7  kPa]  (range  -4  to  13  torr  [-0.5  to 
1.7  kPa])  in  children  under  halothane  anesthesia. 
Fletcher""  found  that  Petco:  monitoring  was  useful 
in  children  with  cardiac  disease,  under  anesthesia, 
if  significant  right-to-left  shunting  was  not  present. 
Burrows'"  found  that  Vq/Vt  was  a  primary 
determinant  of  P(a-et)C02  •"  infants  and  children 
undergoing  cardiac  surgery.  Cote  et  al'  "  found  CO: 
monitoring  to  be  useful  in  the  detection  of 
intraoperative  events  such  as  malignant  hyperthermia, 
circuit  disconnection  or  leak,  equipment  failure, 
accidental  extubation,  endobronchial  intubation,  or 
kinked  endotracheal  tube.  Dumpit  and  Brady"  used 
a  nostril  catheter  to  measure  PetcO:  in  spontaneously 
breathing  infants  and  found  a  mean  P(a  etjcO:  of  2.4 
torr  [0.32  kPa]  in  normal-term  infants,  3.5  torr  [0.47 
kPa]  in  preterm  infants  who  had  recovered  from 
respiratory  distress  syndrome,  and  9  torr  [1  kPa]  in 
infants  with  bronchopulmonary  dysplasia.  They 
concluded  that  measurement  of  Petco:  in  infants  is 
useful. 

Some  controversy  exists  regarding  the  use  of 
sidestream  vs  mainstream  capnometry  with  infants 
and  the  appropriate  flow  to  be  used  if  a  sidestream 


monitor  is  used. 


Pascucci  et  al      compared  the 


use  of  a  sidestream  monitor  with  use  of  a  mainstream 
monitor  in  infants  and  concluded  that  the  mainstream 
device  produced  a  more  accurate  representation  of 
the  expired-CO:  waveform.  However,  they  used  a 
flow  of  50  mL/min  with  the  sidestream  monitor. 
Others  have  shown  that  this  flow  may  be  too  low. 
'"  '"  As  shown  by  Gravenstein,"  at  a  flow  of  50 
mL/min,  the  Petco:  is  artificially  low,  the  waveform 
is  rounded,  and  the  inspired  CO:  is  artificially 
displayed.  These  artifacts  can  be  eliminated  by 
increasing  the  flow  to  150  mL/min  or  greater.  Using 
a  rabbit  model,  Evans  et  al'""  suggested  that  a  flow 
of  300  mL/min  be  used  during  capnometry  in 
neonates.  In  children  weighing  <  12  kg,  Badgwell 
et  al"**  found  that  PetcO:  measurements  are  more 
accurate  if  gas  is  sampled  from  the  distal  rather  than 
the  proximal  endotracheal  tube.  However,  they  found 
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no  difference  between  proximally  and  distally 
measured  Petcoi  in  children  weighing  >  12  kg.  Using 
a  mainstream  monitor,  Meredith  and  Monaco  '' 
found  PetcOi  monitoring  to  be  useful  in  preterm  and 
term  infants. 

The  usefulness  of  capnometry  in  infants  and 
children  has  not  been  clearly  established.  Further 
evaluation  will  be  necessary  to  establish  the 
appropriate  role  of  capnometry  in  neonatal  and 
pediatric  respiratory  care. 

Capnometry  during  Weaning  from 
Mechanical  Ventilation 

It  is  often  difficult  to  predict  patients  who  can  be 
successfully  weaned  from  mechanical  ventilation.  The 
success  of  weaning  is  often  judged  by  the  patient's 
ability  to  maintain  adequate  arterial  blood  gases. 
Because  capnometry  is  noninvasive  and  continuous, 
its  use  in  evaluating  the  adequacy  of  ventilation  during 
weaning  is  attractive.  It  is  also  interesting  that  one 
study  suggested  that  a  P(a-et)C02  <  8  torr  [1  kPa] 
may  be  useful  for  predicting  patients  who  may  be 
successfully  weaned  from  the  ventilator. ' 

Healey  et  al'""  evaluated  the  usefulness  of  Petco: 
monitoring  during  the  weaning  of  10  postoperative 
patients,  and  found  that  changes  in  Pgtco:  correlated 
well  with  changes  in  Paco:  ("■  ~  0.82).  Niehoff  et 
al''*"'  found  that  patients  monitored  with  capnometry 
and  pulse  oximetry  required  fewer  blood  gases  during 
weaning.  However,  they  found  that  capnometry  was 
insensitive  to  hypercarbia  (Paco2  >  ^^  'o"  [^-^  kPa]). 
Thrush  et  al'^'  found  that  continuous  monitoring  of 
Petcoi  was  useful  in  the  weaning  of  patients  from 
ventilatory  support  after  cardiac  surgery. 

Weinger  and  Brimm'^''  found  considerable 
variation  in  Petco:  during  the  weaning  of  postcardio- 
tomy  patients.  During  weaning  with  intermittent 
mandatory  ventilation  (IMV),  the  Petcoi  following 
spontaneous  breaths  was  often  greater  than  it  was 
following  ventilator  breaths.  After  comparing  several 
ways  of  dealing  with  this  variability,  Weinger  and 
Brimm  concluded  that  the  maximal  Petco2 — 
independent  of  breathing  pattern — provides  a 
clinically  useful  indicator  of  Paco;  during  weaning 
with  IMV.  Smith  et  al'''^  found  that  Petco:  was 
breathing-pattern  dependent  and  that  it  remained 
consistent  for  mechanical  and  spontaneous  breaths 
during  weaning  from  mechanical  ventilation  using 


synchronized  IMV  (SIMV).  They  recommended  that 
the  breath-specific  or  maximum  Petco;  be  used  to 
calculate  the  P(a-et)COi  at  the  start  of  weaning,  and 
then  be  used  as  the  reference  for  estimating  Pgco:- 
It  is  interesUng  that  others''*^  have  not  identified  this 
degree  of  variability  in  Petco:  during  weaning. 


Capnometry  To  Determine  PEEP  Levels 

Positive  end-expiratory  pressure  (PEEP)  is 
commonly  used  in  the  care  of  patients  with  acute 
respiratory  failure.  'Best'  or  'optimal'  PEEP  is 
sometimes  difficult  to  determine  clinically;  it  requires 
the  use  of  a  pulmonary  artery  catheter  to  measure 
cardiac  output  and  pulmonary  shunt  (Qs/Qt)-  Murray 
et  al'^^  used  a  canine  model  to  evaluate  use  of  the 
P(a-et)co->  to  determine  appropriate  PEEP  levels.  They 
found  that  the  P(a-et)COi  was  a  sensitive  indicator 
of  the  appropriate  amount  of  PEEP.  Generally,  they 
found  that  the  P(a-et)coT  was  lowest  at  the  appropriate 
level  of  PEEP;  in  other  words,  the  lowest  P(a-et)C02 
corresponded  to  the  best  V/Q. 

Unfortunately,  others  have  not  been  able  to 
replicate  the  work  of  Murray  et  al  in  patients.  In 
a  study  of  11  patients  in  acute  respiratory  failure, 
Jardin  et  al''*'*  found  no  difference  between  the 
P(a-et)COi  in  patients  on  zero  PEEP,  'best'  PEEP, 
or  excessive  PEEP.  Blanch  et  al '  ^"  found  the  P(a-et)C02 
to  be  useful  in  patients  with  acute  respiratory  failure, 
but  only  if  an  initial  inflection  point  was  present  on 
the  pressure-volume  curve.  Clinically,  this  is  of  limited 
usefulness  because  most  ICUs  are  not  equipped  to 
measure  pressure-volume  curves. 

Further  evaluation  is  needed  to  establish  the 
usefulness  of  P(a-et)co2  i"  determining  appropriate 
PEEP  levels  for  critically  ill  patients. 

Summary 

In  my  opinion,  capnometry  and  capnography  have 
a  definite  role  in  the  cardiopulmonary  monitoring 
of  some  critically  ill  patients.  In  patients  who  have 
a  stable  hemodynamic  status,  Petco2  n^ay  be  useful 
to  track  changes  in  Paco2  (^g-  i"  patients  with  head 
injury  whose  intracranial  pressure  is  sensitive  to 
changes  in  Paco2)-  I"  patients  with  hemodynamic 
instability,  capnometry  and  capnography  may  be 
useful  for  monitoring  changes  in  pulmonary  blood 
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flow.  Following  a  difficult  intubation,  capnometry 
may  be  useful  for  determining  endotracheal  tube 
placement. 

The  role  of  capnometry  needs  to  be  better  defined 
in  neonatal  and  pediatric  respiratory  care,  cardiac 
arrest,  and  determination  of  "best'  PEEP.  More  work 
is  also  needed  to  determine  the  appropriate  means 
of  measuring  Petco-  in  nonintubated  patients.  These 
are  all  topics  ripe  for  clinical  research  that  should 
be  conducted  by  respiratory  care  practitioners.  As 
respiratory  care  practitioners,  we  need  to  be  careful 
not  to  accept  the  use  of  capnometry  for  purposes 
other  than  those  for  which  a  scientific  basis  has  been 
established. 

Perhaps  the  most  important  thing  to  recognize 
about  PetcO'  is  that  it  is  not  Paco-  When  capnometry 
is  used,  it  is  most  important  that  practitioners 
responsible  for  its  use  appreciate  both  the  physiologic 
and  technologic  basis  for  it,  and  recognize  that  it 
does  not  provide  noninvasive  monitoring  of  Paco^ 
per  se.  When  Petco^  is  incorrectly  assumed  (by 
caregivers)  to  be  equal  to  Paco2'  patient  mismanage- 
ment can  result. 

Capnometry  is  not  indicated  for  every  mechanically 
ventilated  patient.  The  challenge  to  respiratory  care 
practitioners  is  to  scientifically  determine  when  this 
type  of  monitoring  is  indicated  for  the  care  of  patients. 
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Hess  Discussion 

Maclntyre:  Over  the  last  year,  the 
Food  and  Drug  Administration  (FDA) 
has  proposed  as  a  "standard  of  care" 
that  either  o.\imetry  or  capnography 
be  used  as  a  backup  disconnect  alarm; 
the  argument  being  that  if  oximetry 
and  capnography  are  useful  in  the 
O.R.,'  they  probably  are  going  to  be 
useful  in  the  ICU.  This  requires  a  leap 
of  faith  that  I  have  difficulty  with,  but 
let  me  just  go  on.  I  would  have 
difficulty  using  oximetry  as  a  discon- 
nect alarm — I  think  it  takes  too  long 
for  a  patient  to  lose  oxygen  saturation 
if  disconnected.  But,  the  idea  of  a 
simple  little  device  in  the  ventilator 
circuitry  that  just  lights  up  in  the 
presence  of  CO:  is  sort  of  an  intriguing 
/70/t>«//a/disconnect  alarm;  and  I  would 
be  interested  in  your  thoughts  along 


those  lines.  Do  you  agree  with  the  FDA 
proposal? 

1,  Food  and  Drug  Administration. 
Recommendations  for  increasing 
early  detection  of  accidental  discon- 
nections. Proposal  under  review  by 
the  U.S.  Food  and  Drug  Administra- 
tion, 1989, 

2.  Cooper  JB,  Couvillown  LA,  Accid- 
ental breathing  disconnections,  HHS 
Publication,  FDA  86-4205  ( 1986), 

Hess:  Well,  no — actually,  I  guess  I 
think  that's  kind  of  ludicrous.  My 
feeling  is  that  individuals  who  do  not 
pay  attention  to  the  disconnect  alarms 
that  are  currently  on  the  ventilators  will 
not  pay  attention  to  the  alarms  on 
capnographs  and  pulse  oximeters 
either.  Clinicians  who  shut  off  venti- 
lator alarms  will  shut  off  other  alarms 
as  well. 


Maclntyre:  The  argument,  if  I  can 
clarify,  is  that  the  situation  can  exist 
in  which  the  tube  can  come  off,  fall 
on  the  chest,  and  pressure  and  flow 
alarms  may  not  go  off. 

Hess:  Well,  I  would  argue  that 
depending  upon  how  you  have  your 
end-tidal  CO;  (Petro-)  monitor 
attached,  the  patient  may  become 
disconnected,  the  CO;  monitor  may 
stay  on  the  endotracheal  tube,  and  if 
the  patient  can  do  some  spontaneous 
breathing  you  still  may  not  detect  the 
disconnect.  I  also  think  that  the  FDA, 
on  this  issue,  in  my  opinion,  is  speaking 
out  of  both  sides  of  its  mouth — or  the 
government  is  speaking  out  of  both 
sides  of  its  mt)uth.  On  the  one  hand 
they're  saying  that  we  need  to  cut  costs, 
and  then  on  the  other  hand  they're 
saying    that    we    need    to   do    more 
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monitoring,  which  will  cost  more 
money- 

Marini:  I  find  it  intriguing  that  the 
people  who  I  tend  to  respect  most  in 
this  field  are  arguing  for  less  and  less 
monitoring  because  they  feel  extremely 
secure  at  the  bedside.  I  think  that  the 
more  insecure  people  are,  the  more 
they  need  additional  monitors,  or  at 
least  they  think  they  do.  As  a  conse- 
quence, the  cost  of  care  goes  up  as 
the  result  of  ignorance — as  a  result  of 
not  understanding  what  we're  doing 
at  the  bedside. 

Hess:  Right,  so  there's  a  false  sense 
of  security  in  a  way? 
Marini:  Yes,  the  trend  seems  to  be  to 
put  more  machinery  in  place — to  do 
the  same  job  with  fewer  people  or  with 
less-well  educated  people.  But,  I  think 
there's  no  substitute  for  good 
education. 
Hess:  Good  point! 

Krieger:  Two  points!  There  is  a  little 
phrase  for  what  John  has  just  said:  "If 
a  tree  falls  in  the  middle  of  the  forest 
and  there's  no  one  there,  does  it  make 
a  sound?"  The  corollary  in  the  ICU 
sometimes  (unfortunately)  is:  "If  a  tree 
falls  in  the  middle  of  the  forest  and 
everyone  is  deaf,  does  it  matter?"  If 
you  have  a  monitor  that  is  either  bad 
or  ignored,  it's  probably  worse  than 
no   monitor   at   all — because   vou're 
relying  on  it.  Dean,  because  you  did 
introduce  the  PetcOj  paper  that  I  co- 
authored,'  I  would  like  to  follow  up. 
The  reason  we  did  that  study  was  to 
answer  the  question  that  you  raised: 
How  useful  is  it  in  the  critical  care 
setting?  As  a  lot  of  you  are  aware,  I'm 
very  interested  in  staying  as  far  away 
as  possible  from  invasive  monitoring 
in  the  ICU  if  I  don't  need  it.  We  were 
contemplating  incorporation  of  PetcOi 
monitoring  into  all  our  Respigraphs— 
on-line,  real-time— along  with  pulse 
oximetry.  But,  before  we  did  that,  we 
wanted  to  see  if  it  was  clinically  useful. 
We  knew  that  it  correlated  very  well, 
at  least  in  the  literature,  with  single 
spot  checks  of  PaCO^  determined  from 
blood  gases.' '  What  we  didn't  know. 


and  what  we  were  a  little  concerned 
about — especially  when  talking  with 
some  of  our  more  mature  mentors — 
was  how  well  PetcOi  would  reflect 
what  is  going  on  in  the  sickest  patients, 
ie,  the  patients  in  the  ICU  in  whom 
things  are  changing  all  the  time.  In  our 
study  we  took  20  critically  ill  adults 
mainly  over  the  age  of  60  (I  think  there 
was  only  one  under  38) — most  of 
whom  had  some  pulmonary  problems. 
We  changed  the  ventilator  settings  five 
times — we   increased   the   rate,   we 
increased    the    tidal    volume,    we 
decreased  both,  we  had  people  breathe 
spontaneously.  We  know  that  changes 
in  tidal  volume  change  dead  space 
(depending  on  the  time  constants  of 
individual   alveoli),    which    in    turn 
changes  PetcOi  dramatically  (a  change 
in  PEEP,  or  intrinsic  PEEP,  does  the 
same  thing).  As  people  breathe  spon- 
taneously, they  can  stack  their  own 
breaths  and   change   their   intrinsic 
PEEP  and  also  change  time  constants 
and  V/Q.  We  found  the  same  good 
correlation  between  PacO:  ^^^  PetcO: 
that   was   in   the  literature^'^   (ie, 
correlation  coefficients  of  around  0.8). 
But  when  we  looked  at  the  trends  in 
the  PetcOi  to  determine  what  was 
happening  to  the  P^cOi,  the  correlation 
broke   down.    Our   PetcO^^PaCOi 
gradients  ranged  anywhere  from  -20 
to  +20  in  certain  patients.  Some  PetcO: 
trends  in  individual  patients  actually 
were  in  the  opposite  direction  to  what 
was  happening  to  the  PacO: — and  it 
had  to  do  with  the  changes  in  breathing 
pattern   and   flowrates   because   the 
patients   had    no   significant   clinical 
changes.  These  results  were  disappoint- 
ing. If  we  had  just  taken  a  simplistic 
look  at  the  linear  regression  and  hadn't 
looked  at  trends,  we  would  have  been 
duped  into  trying  to  use  the  PetC02 
as   a   substitute   trend    monitor   for 
changes  in  PacOji  and  I  think  that 
would  have  been  a  mistake. 

1.  Hoffman  RA,  Krieger  BP,  Kramer 
MR,  et  al.  End-tidal  carbon  dioxide 
in  critically  ill  patients  during  changes 


in  mechanical  ventilation.  Am  Rev 
RespirDis  1989;140:1265-1268. 
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validity  and  usefulness  of  the  end-tidal 
PcOi  during  anesthesia.  Ann  Clin  Res 
1972;4:278-284. 

3.  Healey  JH,  FeduUo  AJ,  Swinburne 
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noninvasive  measurements  of  carbon 
dioxide  tension  during  withdrawal 
from  mechanical  ventilation.  Crit 
Care  Med  1987;15:764-768. 

4.  Weinger  MB,  Brimm  JE.  End-tidal 
carbon  dioxide  as  a  measure  of  arterial 
carbon  dioxide  during  intermittent 
mandatory  ventilation.  J  Clin  Monit 
1987:3:73-79. 

5.  Phan  CQ,  Tremper  KK,  Lee  SE, 
Barker  SJ.  Noninvasive  monitoring  of 
carbon  dioxide:  A  comparison  of  the 
partial  pressure  of  transcutaneous  and 
end-tidal  carbon  dioxide  with  the 
partial  pressure  of  arterial  carbon 
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Hess:  Thanks,  Bruce! 
East:  I  have  a  question  on  the 
capnogram.  I've  seen  several  publica- 
tions'"  and  heard  some  people  say  that 
the  best  way  to  display  PetcO:  's  vs 
volume  rather  than  time — particularly 
if  you  have  such  long  expiratory  times 
that  Phase  III  gets  distorted  because 
you  have  a  long  time  with  low 
expiratory  flow  and  you  can  see 
cardiogenic  oscillations  and  other 
strange  things  towards  the  end  of  Phase 
III.  However,  most  monitors  don't 
display  volume  because  they  don't 
have  the  flow  signals  to  be  able  to  do 
it.  What  did  you  run  across  in  the 
literature? 

1.  Bartels  J,  Severinghaus  JW,  Forster 
RE,  Briscoe  WA,  Bates  DV.  The 
respiratory  dead  space  measured  by 
single  breath  analysis  of  oxygen, 
carbon  dioxide,  nitrogen  or  helium. 
J  Clin  Invest  1954;33:41-50. 

2.  Fletcher  R,  Jonson  B.  Cumming  G, 
Brew  J.  The  concept  of  dead  space 
with  special  reference  to  the  single 
breath  test  for  CO:.  Brit  J  Anaesth 
1981;53:77-88. 
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Hess:  One  paper  from  the  early  1 970s 
suggested  that  the  best  way  to  look 
at  the  relationship  between  arterial  and 
end-tidal  Pco-  was  to  'otik  at  the  CO: 
following  a  complete  forced  exhalation 
(after  the  patient  had  exhaled 
completely).'  In  that  paper,  the  Pco: 
at  the  end  of  a  forced  exhalation  more 
closely  approximated  the  PacO:-  The 
difficulty  with  that  approach  is  that  in 
a  critical  care  unit  many  patients 
cannot  perform  that  maneuver.  In  a 
study  reported  in  the  Open  Forum  at 
the  1989  AARC  meeting,'  my  co- 
authors and  I  looked  at  end-tidal  Pco; 
in  spontaneously  breathing  patients.  A 
number  of  the  patients  really  had 
difficulty  performing  that  complete 
sustained  exhalation.  In  fact,  in  the 
sickest  patients  who  had  obstructive 
lung  disease,  for  example,  sustained 
exhalation  produced  coughing  and 
they  just  couldn't  do  it.  Is  that  what 
you  were  getting  at? 

1.  Tulou  PP,  Walsh  PM.  Measurement 
of  alveolar  carbon  dioxide  tension  at 
maximal  expiration  as  an  estimate  of 
arterial  carbon  dioxide  tension  in 
patients  with  airway  obstruction.  Am 
Rev  Respir  Dis  1970;102:921-926. 

2.  Hess  D,  Golden  W,  Hinderer  J, 
Costabile  P.  Capnometry  in  nonintu- 
bated  patients  (abstract).  Respir  Care 
I989;34:I040,I042. 

East:  No. 
Hess:  Sorry! 

East:  I  just  meant  in  general  that  it 
seems  like  the  monitors  are  displaying 
the  information  in  a  strange  way.  CO: 
should  be  plotted  vs  exhaled  volume. 
Hess:  Oh!  So  you're  saying  that  on 
the  abscissa  there  should  be  volume 

East:  Exhaled  volume. 

Hess:  Rather  than  time?  I  don't  know 

of  any  of  the  devices  that  will  do  that 

because  most  of  them  do  not  look  at 

flow  signals. 

East:   There  aren't   many   that  do 

because  most  of  them  are  independent 

of   flow-measuring    devices.    The 


Siemens  CAV  system  provides  a 
display  of  CO;  vs  volume. 
Hess:  That's  interesting,  I'm  trying  to 
picture  that  in  my  mind — I  don't  think 
I've  ever  seen  it  displayed  that  way. 
Marini:  Well,  I  think  the  capability 
is  certainly  there.  We  have  computers 
available  to  integrate  information  from 
a  couple  of  different  sources,  and  I 
would  like  to  emphasize  that  I  agree 
with  Tom.  That  display  would  help 
us  to  compute  some  numbers  that 
could  be  of  clinical  interest— not  just 
the  end-tidal  Pco:  or  slope  of  Phase 
III — but  dead  space  and  CO:  produc- 
tion, for  example.  A  cheap  way  of 
monitoring  metabolic  changes  in 
patients  is  potentially  available  with 
that  sort  of  display. 

Hess:  Right,  you'd  have  to  sort  of 
integrate  the  signal  because  you  really 
need  a  mixed  exhaled  Pco:  'o  calculate 
dead  space  and  CO:  production,  but 
you  could  do  that  if  you  had  a  flow 
signal  and  an  exhaled  Pco^- 
Marini:  It  certainly  might  be  possible; 
and,  in  fact,  one  of  the  most  common 
clinical  questions  we  as  respiratory  care 
practitioners  ask  when  a  patient  has 
a  minute  ventilation  change  is  "What's 
causing  it?"  Is  it  a  change  in  CO: 
production  or  dead  space  or  a  change 
in  Paco-  With  a  blood  gas  and  an 
appropriate  display  of  PetcO:  values, 
we  could  get  at  all  that  information 
quickly. 

Hess:  Of  course,  we're  talking  about 
a  more  expensive  monitor  now. 
Marini:  Well,  not  necessarily.  We're 
already  able  to  look  at  flow;  now,  with 
some  of  the  newer  monitoring  systems, 
we  have  the  capability  of  displaying 
one  variable  against  another. 
Hess:  Right,  that's  an  intriguing  idea. 
Welch:  There  are  instrumentation 
problems  with  that  approach.  First,  if 
you  use  a  sidestream  sampling  system 
you  must  deal  with  the  sample  flow- 
rates.  Second,  I'm  not  familiar  with  any 
flowmeter  that  has  any  kind  of 
reasonable  accuracy  at  the  lowest 
flowrates — which  is  where  Phase  III 
occurs.  So,  if  we  put  more  data  together 


we  might  be  inviting  more  errors  rather 
than  more  information.  One  question 
I  had,  or  at  least  one  comment  I  had. 
Dean — concerns  the  mainstream 
versus  sidestream  issue.  The  issue  in 
the  adult  population — mainstream  vs 
sidestream  sampling  isn't  as  great  as 
in  the  pediatric  population,  with  their 
very  rapid  respiratory  rates.  In  that 
patient  population,  you  really  need  to 
investigate  the  mainstream  —which  has 
a  much  higher  response  to  very  rapid 
rates  and  gives  you  a  much  better 
definition  of  a  waveform.  One 
comment  you  made  in  your  talk — 
which  was  the  first  time  I'd  heard  it — 
regards  the  'negative  gradient,'  where 
Petco2  actually  is  greater  than  arterial 

PcO:- 

Hess:  That  actually  happens  more 
frequently  than  a  lot  of  people  appre- 
ciate; there  are  papers  in  the  literature'" 
that  describe  that.  I  know  in  some  of 
the  work  that  we've  done,  we  have 
seen  it  (and  I  see  Bruce  shaking  his 
head  that  he  has  seen  it  too).  I  think 
it  has  to  do  with  ventilation-perfusion 
ratios.  In  actuality,  the  PetcO:  ca^^  be 
as  great  as  the  CO:  delivered  to  the 
lung — the  mixed  venous  CO:.  I  think 
that's  an  important  point.  One  impor- 
tant point,  I  think,  from  my  talk  is 
that  end-tidal  is  not  arterial,  and  I  think 
another  important  point  is  that  the  end- 
tidal  can  be  greater  than  the  arterial. 

1.  Moorthy  SS,  Losasso  AM,  Wilcox  J. 
End-tidal  Pco^  greater  than  PaCO^ 
Grit  Gare  Med  "l  984;  1 2:534-535. 

2.  Shankar  KB,  Moseley  H.  Kumar  Y. 
Arterial  to  end  tidal  carbon  dioxide 
tension  differences  during  caesarean 
section  anesthesia.  Anesthesia  1986; 
41:678-702. 

Krieger:  Actually,  if  you  don't  use  flow 
to  calculate  volume,  but  rather  respi- 
ratory inductive  plethysmography,  you 
can  display  both  signals  on  a  Grass 
recorder — we  do  this  all  the  time — 
for  example,  PetcO;  and  volume 
changes  on  a  strip  recorder.  There  is 
a  lot  of  useful  information  in  there. 
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Marini:  But  is  it  an  X-Y  plot  of  volume 
against  CO:  concentration? 
Krieger:   No,   it   is  just   tracings   in 
parallel. 

Hess:  Some  controversy  exists  about 
mainstream  vs  sidestream  capnometry 
even  in  neonates  and  in  pediatrics. 
Some  clinicians  believe  that  the 
problem  with  sidestream  capnography 
in  newborns  and  in  children  is  not 
sidestream  vs  mainstream  but  rather 
the  flow  that  is  used  with  sidestream 
capnography.  Some  people  argue  that 
if  you  use  enough  flow  with  your 
sidestream  capnograph,  you  can  get 
around  the  problem  of  increased 
respiratory  rates. 

Chatburn:  I'd  like  to  get  back  just  for 
a  second  to  the  FDA's  impression  that 
more  monitors  are  needed  to  detect 
a  disconnect.  The  argument  seems  to 
hinge  on  the  idea  that  if  the  tubing 
becomes  disconnected  and  is  occluded 
by,  for  instance,  the  bedsheets  that  the 
ventilator's  pressure  monitor  will  be 
fooled.  I  would  argue  that  in  that 
situation  the  airway  pressure  waveform 
would  look  much  different  than  when 
it's  connected  to  the  patient.  Most 
ventilators  will  detect  that — if  the 
alarms  are  set  properly — or  could  be 
designed  to  be  intelligent  enough  to 
detect  that  kind  of  situation  at  much 
less  cost  than  adding  a  separate 
monitor. 

Ritz:  I've  been  sitting  here  listening. 
And,  I  guess  I  agree  with  John  that 
better  bedside  clinicians  help  make  a 
safer  environment.  I  guess  the  problem 
1  run  into  as  a  manager  is  that  not 
everyone  I  hire  is  a  rocket  scientist, 
and  there  is  clearly  a  staffing  shortage 
that's  going  to  be  with  us  for  at  least 
the  next  10  years.  This  puts  me  in  a 
spot  where  I  do  have  to  give  those 
clinicians  every  added  advantage  I  can 
to  provide  a  safe  and  optimal  environ- 
ment. But,  I  have  to  say  that  I  am 
not  a  big  fan  of  capnographs.  The 
second  point  I  would  make.  Dean,  is 
that  I  would  go  out  on  a  limb  and 


say  that  there  are  some  scenarios  in 
which  I  would  want  to  use  a  capno- 
graph. I  know  I  have  a  lot  of  difficulty 
getting  any  sort  of  electronic  device 
during  a  code  situation  (early  on)  to 
verify  tube  placement.  I  think  those 
'Fenem'  devices  are  pretty  nifty  little 
items,  but  they're  outrageously  expen- 
sive! Probably  you  can  use  them 
selectively  in  a  cost-effective  fashion, 
but  I  think  most  of  the  utility  for 
capnography  is  in  short-term  utiliza- 
tion— by  that  I  mean  anywhere  from 
as  little  as  15  minutes  up  to  several 
hours.  Although  the  technology  of 
capnographs  has  improved  signifi- 
cantly in  the  past  few  years,  they  are 
still  extremely  labor-intensive  pieces  of 
machinery.  The  sidestream  systems 
seem  to  clog  frequently,  none  of  the 
water-trapping  systems  seem  to  work 
as  well  as  we  would  like.  The  main- 
stream sensors  work  well,  and  you  can 
quickly  replace  a  sampling  cuvette;  but 
people  who  utilize  those  devices  tell 
me  that  there  is  a  significant  amount 
of  downtime  with  that  instrument  just 
based  on  its  durability. 
Maclntyre:  Dean,  I've  been  sitting 
here  listening  to  you  describe  the 
limitations  of  exhaled  CO:  analysis: 
We  don't  have  integrated  flow  signals 
so  we  can't  calculate  CO:  production; 
you  tell  me  the  arterial-to-end  tidal 
gradient  isn't  predictable  in  sick 
patients  or  in  weaning  patients  when 
the  ventilatory  pattern  is  changing;  you 
don't  like  it  as  a  backup  disconnect 
alarm;  and  it's  horrible  to  bring  to  code 
situations.  Given  all  those  factors,  how 
many  capnographs  should  I  buy  per 
ventilator? 

Hess:  Well,  we  have  several  of  them 
in  our  550-  to  600-bed  hospital.  We 
use  them  from  time  to  time  with  neuro- 
surgery and  neurotrauma  patients 
we're  hyperventilating — many  times 
the  lungs  aren't  really  sick,  and  we  need 
to  hyperventilate  the  patients  to  keep 
down  intracranial  pressures.  I  think 
that   they   are   useful    in   detecting 


esophageal  intubation,  although  I  agree 
with  Ray  (Ritz)  that  for  many  patients 
you  don't  need  PetcO:  to  know  where 
the  tube  is.  But,  I  think  a  capnograph 
is  useful  for  the  difficult  intubation  in 
which  it  is  difficult  to  tell  where  the 
tube  is  positioned.  I'm  fascinated  by 
the  possibilty  of  the  usefulness  of 
capnography  during  cardiac  arrest,  but 
I  agree  with  Ray — the  therapists  at  our 
hospital  aren't  going  to  run  out  to  an 
arrest  with  a  capnograph  in  hand  in 
the  near  future. 

Maclntyre:  Do  I  interpret  that  to  mean 
that  you're  talking  about  less  than  one 
capnograph  per  ICU? 
Hess:  Well,  there  are  a  number  of  days 
in  our  ICU  where  we  have  no  capno- 
graphs running. 
Maclntyre:  Thank  you. 
Krieger:  What  about  in  the  O.R.? 
Hess:  Well,  I  can't  really  speak  for 
the  O.R.  because  I  don't  spend  time 
there.  I  believe  that  they  use  them  a 
lot  there,  but  the  ICU  is  quite  different 
from  the  O.R. 

Durbin:  You  said  that  a  capnograph 
is  a  useful  monitor  in  cardiac  arrests, 
yet  you  said  that  those  patients  who 
aren't  likely  to  do  well  have  a  low  end- 
tidal  CO:.  Therefore,  you  can't  tell 
whether  the  tube  is  in  the  right  hole 
anyway.  That  to  me  is  a  paradox,  it 
doesn't  really  tell  you  the  tube  is  in 
the  right  hole — it  may  tell  you  that 
you're  not  getting  any  cardiac  output 
when  you  compress  the  chest. 
Hess:  Right,  that  is  an  apparent 
paradox  because  you  would  expect  that 
during  resuscitation  the  end-tidal  Pco: 
may  be  low  either  due  to  poor 
perfusion  or  due  to  the  tube's  being 
in  the  wrong  hole.  However  in  one 
study,'  the  investigators  were  able  to 
differentiate  esophageal  and  tracheal 
intubation  even  during  cardiac  arrest. 

1.  Sayah  AJ,  Peacock  WF,  Overton  DT. 
Value  of  Petco^  measuremenl  in 
detection  of  esophageal  intubation 
during  cardiac  arrest  (ab.stract).  Ann 
EmergMed  1989;  18:459. 
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Insuumenlalion  and  Clinical  Applications 
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Principles  of  PtcO:  Monitoring 

Transcutaneous  measurement  of  oxygen  tension 
(PtcoO  emerged  in  the  early-  to  mid-1970s  as  an 
important  technique  for  indirectly  determining  arterial 
oxygen  tension  (PaoO  'f  ^  noninvasive  and 
continuous  manner.  Electrodes  for  Pt^o:  monitoring 
consist  of  modified  Clark  electrodes  (as  used  in  blood 
gas  analyzers)  that  are  attached  to  the  skin  and  can 
be  heated  to  a  desired  temperature.  The  pioneer  work 
of  Huch  and  co-workers  demonstrated  that  hyper- 
perfusion  induced  via  local  heating  is  key  to  the 
successful  use  of  this  technique.  A  good  correlation 
between  Pt^.o,  and  Pao,  can  be  obtained  at  skin 
electrode  temperatures  of  43.5-44.0  C  in  both  term 
and  preterm  infants  in  the  presence  or  absence  of 
cardiorespiratory  disease  and  over  a  relatively  wide 
range  of  Pao>  values."  Furthermore,  modest 
fluctuations  in  blood  pressure  do  not  substantially 
influence  this  relationship  in  the  neonatal  period. 

The  precise  reasons  for  the  close  relationship 
between  P^o-  'ind  skin-surface  Pq.  are  quite  complex. 
For  PtcO-  to  approximate  PaO:.  the  capillary  bed 
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under  the  skin-surface  electrode  must  be  adequately 
dilated  by  an  increase  in  temperature.  As  a  basic 
approximation,  it  appears  that  the  increase  in  Pq; 
at  the  skin  surface  caused  by  heating  to  44  °C 
approximates  the  decrease  in  Pq.  caused  by  oxygen 
consumption  during  passage  from  blood  to  skin 
surface,  resulting  in  comparability  between  the  arterial 
and  skin-surface  Pq;  values  in  human  neonates. 

In  evaluating  the  relationship  between  PtcO:  and 
corresponding  Pao-  linear  regression  analyses  with 
resultant  correlation  coefficients  have  been  widely 
employed.  This  is  not  very  helpful  because  exper- 
imental data  that  are  in  poor  agreement  may  generate 
quite  high  correlations.  Furthermore,  correlation  co- 
efficients do  not  reflect  scatter  among  individual 
datapoints  or  outliers  and  should  not  be  employed 
when  linear  regression  analyses  are  derived  from 
multiple  datapoints  in  a  given  subject.  Rather, 
techniques  that  evaluate  sensitivity  and  specificity 
better  reflect  the  ability  of  PtcO:  (or  PtccO;)  to  predict 
the  corresponding  arterial  value. 


Clinical  Impact  of  Pico,  Monitoring 

For  infants  with  mild  respiratory  distress,  PicO: 
monitoring  is  extremely  valuable  and  may  make  it 
unnecessary  to  insert  an  umbilical  or  peripheral 
arterial  catheter,  provided  intermittent  assessments  of 
pH  and  Pco-  are  made— most  easily  via  capillary 
sampling  and/or  Ptccn.  measurement.  In  infants  with 
moderate  or  severe  respiratory  difficulty,  however, 
PtcO.  measurement  remains  an  important  adjunct 
rather  than  a  substitute  for  arterial  blood  gas 
sampling. 
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The  major  impact  of  PtcO:  monitoring  in  acutely 
ill  infants  has  been  to  rapidly  optimize  respiratory 
care  and  drastically  reduce  the  time  required  to 
determine  optimum  inspired  oxygen  concentrations 
and  ventilator  settings.  Furthermore,  complications 
such  as  pneumothorax,  endotracheal-tube  dislodge- 
ment,  disconnection  from  oxygen  supply,  or  ventilator 
malfunction  can  be  rapidly  recognized,  so  that 
immediate  corrective  treatment  can  be  initiated.  A 
major  contribution  of  Ptco^  monitoring  has  been  the 
repeated  observation  that  excessive  and  vigorous 
handling  of  sick  infants  results  in  hypoxemia.  Long 
and  associates^  noted  that  the  use  of  continuous 
oxygen  monitoring  resulted  in  a  reduced  amount  of 
both  hypoxia  and  hyperoxia  and,  furthermore,  that 
many  episodes  of  inappropriately  low  or  high  oxygen 
levels  go  undetected  without  continuous  monitoring. 

Additional  data  suggest  that  Pt^o:  monitoring  can 
reduce  the  amount  of  hypoxic  time  in  ill  neonates, 
although  there  is  little  evidence  that  transcutaneous 
monitoring  has  reduced  the  number  of  arterial  blood 
gas  samples  drawn  in  acutely  ill  neonates.  Further- 
more, Bancalari  et  al'  have  recently  demonstrated 
in  a  large  randomized  control  trial  of  nearly  300 
infants  that  continuous  Ptco^  monitoring  does  not 
significantly  decrease  the  incidence  of  retinopathy  of 
prematurity  when  compared  to  standard  intermittent 
Ptco^  monitoring  employed  only  during  the  more 
acute  periods  of  respiratory  distress.  The  overall 
incidence  of  retinopathy  of  prematurity  was  51%  in 
the  continuously  monitored  group  and  59%  in  the 
intermittently  monitored  subjects.  Continuous  PtcO; 
monitoring  did  not  reduce  retinopathy  rates  in  the 
infants  with  birthweights  of  <  1  kg,  confirming  that 
retinopathy  in  very  low  birthweight  infants  clearly 
has  a  multifactorial  etiology.  However,  in  this  study, 
infants  weighing  1-1.3  kg  who  were  continuously 
monitored  did  show  a  decreased  incidence  of 
retinopathy. 

Simultaneous  placement  of  PtcOi  electrodes  over 
the  upper-right  chest  and  abdomen  has  allowed  the 
degree  of  right-to-left  ductal  shunting  to  be 
noninvasively  assessed  in  infants  with  cardiorespira- 
tory disease.  Apart  from  its  obvious  usefulness  in  the 
diagnosis  of  ductal  shunting  in  congenital  heart 
disease,  use  of  this  technique  has  resulted  in  clear 
documentation  that  important  right-to-left  shunting 
at  the  level  of  the  ductus  arteriosus  is  rare  in  preterm 
infants  with  respiratory  distress  syndrome.*' 


PtcO:  monitoring  has  proven  invaluable  in  the 
longer  term  care  of  small  premature  infants  who  have 
recovered  from  the  acute  phase  of  respiratory  distress. 
For  example,  we  have  observed  that  nursing  such 
infants  in  the  prone  rather  than  the  supine  position 
results  in  an  increase  in  Ptco^  especially  in  those 
infants  who  have  residual  cardiopulmonary  disease.'^ 
Another  benefit  of  positioning  demonstrated  by  our 
group  is  that  spinal  taps  performed  on  neonates  in 
the  upright  sitting  position  have  less  detrimental  effect 
on  PtcO:  t^'^"  '^P^  performed  in  the  traditional  lateral 
flexed  position.'" 

Limitations  of  Ptc02  Monitoring 

The  extensive  clinical  experience  with  Ptco^ 
monitoring  over  the  last  decade  has  allowed  the 
limitations  of  this  technique  to  be  recognized,  as 
published  in  a  recent  task  force  report"  and 
summarized  in  Table  1.  In  profoundly  ill  neonates 


Table  1.  Limitations  of  Pi^O;  Monitoring 

Insufficient  electrode   temperature   may   adversely   influence 
performance. 

Performance  may  be  suboptimal  over  poorly  perfused  areas. 

Compromised  hemodynamic  status  may  cause  Ptco^  to  under- 
estimate PaOi- 
Use  of  the  heated  electrode  may  cause  the  skin  to  blister. 
PtcO,  may  underestimate  Pao^  during  hyperoxemia. 
PtcOT  may  underestimate  Pao^  beyond  the  neonatal  period. 


with  severe  tissue  hypoperfusion,  PtcO:  measurements 
may  underestimate  the  infant's  level  of  Pao^  The 
temperature  of  the  skin  electrode  must  be  carefully 
controlled  to  avoid  burns  to  the  skin;  for  this  reason, 
the  electrode  is  repositioned  approximately  every  4 
hours.  Transient  areas  of  erythema  are  common  and 
usually  disappear  within  hours — although  blister 
formation  may  occur,  particularly  in  very  sick  infants 
with  poor  perfusion.  As  levels  of  Pao^  exceed  90 
torr,  PicOi  tends  to  underestimate  Pao^.  and  the  scatter 
between  these  two  parameters  increases'"  (Fig.  1). 
Thus,  PicO:  should  be  maintained  at  less  than  90 
lorr  to  ensure  an  optimum  correlation  with  P^Ot  and 
to  minimize  the  risk  of  hyperoxemia.  Finally,  it  has 
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Fig.  1.  Correlation  between  transcutaneous  (PtcoO  ^^id 
arterial  (Pao)  oxygen  tension  over  a  wide  range  of 
arterial  values  in  68  preterm  infants  with  respiratory 
distress  syndrome.  Thie  data  demonstrate  that  Ptco-  starts 
to  underestimate  Pgo-  as  the  latter  exceeds  90  torr.  The 
line  of  identity  is  superimposed.  (Reprinted,  with 
permission,  from  Reference  12.) 
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Advantages  and  Disadvantages  of  P|c02 
versus  SpOj 

Because  poor  perfusion,  hyperoxemia,  and 
advancing  postnatal  age  may  make  PtcOi  somewhat 
unreliable  as  a  predictor  of  Pao^,  the  technique  of 
continuous  noninvasive  measurement  of  arterial 
hemoglobin  oxygen  saturation  by  pulse  oximeter 
(SpoO  has  rapidly  gained  widespread  acceptance.  The 
microprocessor-based  pulse  oximeter  incorporates  a 
light-emitting  probe  attached  to  the  distal  extremity 
of  the  infant.  Oxygen  saturation  is  computed  from 
the  light  absorption  characteristics  of  the  pulsatile  flow 
(containing  both  oxygenated  and  reduced  hemo- 
globin) as  it  passes  beneath  the  probe.  The  resultant 
pulse  oximetry  readings  closely  correlate  with 
saturation  measurements  obtained  from  arterial 
samples,  in  infants  with  either  acute  or  chronic  lung 
disease.'" 

The  pros  and  cons  of  Ptco^  versus  Spo.  are 
summarized  in  Table  2.  The  major  disadvantage  of 


now  been  documented  by  several  investigators  that 
in  infants  with  a  postnatal  age  greater  than  2  months. 
PtcO:  typically  underestimates  PaOi  (by  a  mean  of 
approximately  15  torr),  although  relative  changes  in 
oxygenation  still  can  be  readily  discerned"'^  (Fig. 
2). 
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2.  Effect  of  advancing  postnatal  age  on  difference 


between  transcutaneous  (Ptco  )  and  arterial  (Pao) 
oxygen  tension  in  eight  infants.  Open  circles  indicate 
single  studies  performed  in  five  infants;  solid  circles 
represent  sequential  studies  performed  in  three 
additional  Infants.  (Reprinted,  with  permission,  from 
Reference  13.) 


Table  2.  Comparison  of  Oxygen  Monitoring  Techniques 

Advantages  of  Ptco^ 

Will  detect  hyperoxemia. 

Allows  PaO:  to  be  accurately  estimated  in  acute  respiratory 
distress. 

Is  less  distorted  by  movement  artifact. 

Can  be  combined  with  PacO;  assessment  (PtcOj)- 

Advantages  of  Pulse  Oximetry 

No  membrane  to  replace. 

No  risk  of  thermal  injury. 

Measures  arterial  pulse  wave/heart  rate. 

Effective  for  evaluating  oxygenation  in  chronic  neonatal  lung 
disease. 


pulse  oximetry  is  that  changes  in  saturation  are  very 
small  and  difficult  to  evaluate  on  the  flat  portion 
of  the  hemoglobin  dissociation  curve  at  values  of  PaOi 
above  about  50  to  60  torr.  This  is  not  a  substantial 
problem  in  infants  beyond  1  month  of  age  with 
chronic  lung  disease  when  Pao-  's  generally 
maintained  in  the  50  to  60  torr  range  (comparable 
to  an  oxygen  saturation  in  the  85  to  95'^  range). 
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In  infants  with  acute  respiratory  distress,  however, 
when  PaO:  's  maintained  in  the  60  to  90  torr  range, 
pulse  oximetry  alone  does  not  provide  the  information 
necessary  to  prevent  hyperoxemia. 

We  recently  attempted  to  utilize  pulse  oximetry 
to  predict  PaOi-'^  Values  of  saturation  derived  from 
pulse  oximetry  were  plotted  on  hemoglobin 
dissociation  curves  derived  from  fetal  and  adult 
hemoglobin  in  neonates  with  acute  and  chronic  lung 
disease  (Fig.  3).  In  infants  with  chronic  lung  disease, 
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Fig.  3.  Comparison  of  measured  values  of  PgOi  fo 
predicted  values  of  Pao>  (derived  from  measuring 
saturation  during  pulse  oximetry  and  referring  to  the 
appropriate  hemoglobin  dissociation  curve  for  infants 
with  acute  and  chronic  respiratory  disease).  ■  =  acute; 
^  =  chronic.  Actual  Pgo,  was  defined  as  equal  to 
predicted  Pgo,  if  the  corresponding  values  were  within 
10  torr.  (Reprinted,  with  permission,  from  Reference  16.) 


pulse  oximetry  predicted  PaOi  to  within  10  torr  of 
actual  PaOi  in  73%  of  the  comparisons.  In  contrast, 
predicted  PaOi  was  within  10  torr  of  actual  Pa02 
in  only  50%  of  comparisons  in  infants  with  acute 
respiratory  distress  (Fig.  4).  In  conclusion,  pulse- 
oximetry-derived  saturations  correlate  well  with 
arterial-saturation  values  in  both  acute  and  chronic 
neonatal  respiratory  distress.  However,  although  pulse 
oximetry  allows  PaOi  to  be  maintained  within  a 
relatively  predictable  range  in  chronically  ill  infants 
with  prolonged  oxygen  dependence,  this  is  not  the 
case  in  acute  respiratory  distress,  in  which  accurate 
assessment  of  PaO:  requires  the  addition  of  PicOi  and/ 
or  direct  PaOi  analysis.  Thus,  in  the  acute  setting, 
pulse  oximetry  alone  is  of  use  only  to  detect  acute 
clinical  deterioration. 


Measurement  of  Transcutaneous  Pco2 

Development  of  Ptco^  electrodes  was  followed 
rapidly  in  the  late  1970s  by  modification  of  glass 
pH  electrodes  (as  designed  by  Severinghaus)  for 
measurement  of  skin-surface  Pco^  (PtccoO-  Commer- 
cially available  systems  then  rapidly  combined  the 
technology  for  PtcO:  and  Ptcco^  measurement  into 
a  single  electrode  by  incorporating  a  Clark  and  a 
Severinghaus  electrode  with  a  single  heating  system. 
As  a  result  of  this  rapid  development,  Ptccoz 
monitoring  has  become  a  useful  adjunct  to  Ptc02 
monitoring.  In  contrast  to  PtcOi  measurements,  a 
surprisingly  good  correlation  between  Ptcco:  and 
Paco^  can  be  obtained  using  an  electrode  heated  to 
only  37  °C."  The  greater  diffusibility  of  carbon 
dioxide  compared  to  oxygen  may  account  for  this. 
Nonetheless,  the  correlation  can  be  significantly 
improved  when  the  electrode  is  heated  to  either  42 
or  44  °C,  the  latter  being  the  optimum  temperature 
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Fig.  4.  Relationship  between  transcutaneous  (PtccO:) 
(uncorrected  for  temperature  or  metabolic  factors)  and 
arterial  (PacoO  carbon  dioxide  tension  in  60  infants. 
These  data  demonstrate  that  PtccO:  increasingly 
exceeds  PacO'  as  Paco^  rises.  (Reprinted,  with  permis- 
sion, from  Reference  19.) 
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for  combined  0:-C0:  electrodes.'  The  Pco: 
measured  al  the  skin  surface  in  this  way  is  higher 
than  the  comparable  arterial  values.  This  has  been 
proposed  to  result  from  a  combination  of  CO: 
production  by  the  skin  as  a  result  of  local  metabolism 
and  the  effect  of  heat  on  P(_o>  as  it  is  warmed  beneath 
the  electrode."  We  have  recently  demonstrated  that 
the  actual  correction  of  Ptcco:  values,  allowing  for 
temperature  correction  and  a  constant  metabolic 
factor,  can  only  explain  the  elevation  of  Picco^  over 
Paco:  during  hypocapnia  (Fig.  4).'"  As  Paco: 
increases  to  normo-  and  hypercapnic  values,  the 
gradient  between  Ptcco:  ^^^  Paco:  progressively 
increases.  This  may  result  from  an  imbalance  between 
CO;  production  and  its  removal  secondary  to  local 
hypoperfusion.  Such  clarification  of  the  Ptcco^-Paco: 
relationship  should  enhance  our  knowledge  of  the 
dynamics  of  CO:  transport  al  the  tissue  level. 
Nonetheless,  the  various  correction  factors  incorpo- 
rated into  commercially  available  monitors  allow  the 
user  to  read  a  value  of  skin-surface  Pco-  that  has 
already  been  corrected  to  approximate  the  infant's 

PaCO:- 

In  infants,  Picco-  electrodes  respond  to  changes 
in  CO:  relatively  slowly  when  compared  to  responses 
of  PtcO:  electrodes,  related  in  part  to  the  fact  that 
Paco-  does  not  fluctuate  as  widely  as  does  Pao--  Under 
conditions  of  profound  hypoperfusion  and  shock,  the 
elevation  of  Ptcco-  over  the  simultaneous  value  of 
Paco:  will  be  further  increased,  presumably  as  a  result 
of  CO:  accumulation  in  tissues.  "  From  these  data, 
it  should  be  apparent  that,  while  the  widespread  use 
of  noninvasive  blood  gas  monitoring  has  had  a  major 
beneficial  influence  on  neonatal  intensive  care, 
continuing  research  is  necessary  to  recognize  the  real 
benefits  and  rectify  the  limitations  of  these  techniques 
in  clinical  practice. 


Transcutaneous  Pq,  and  Pco2 
Monitoring  in  Adults 

Combined  electrodes  for  PtcO:  and  PtccO: 
monitoring  do  appear  to  reliably  trend  the  corres- 
ponding arterial  values  in  older  children  and  adult 
patients."'  Unfortunately,  even  at  45  °C,  PtcO:  tends 
to  underestimate  Pao-  in  these  subjects,  so  that  Pteo- 
measurement  may  be  most  useful  to  evaluate  changes 


in  PaO:  rather  than  absolute  values.  It  is  important 
to  note  that  the  PtcO'-PaO-  gradient  (underestimation 
of  P;,(),  by  PtcoO  is  enhanced  during  hypoperfusion, 
and  this  phenomenon  appears  more  prominent  in 
adults  than  in  neonates.  This  has  been  clearly 
demonstrated  by  inflation  of  a  blood  pressure  cuff 
over  the  upper  arm  in  healthy  adult  volunteers.  As 
arterial  flow  and  effective  perfusion  pressure  fell,  a 
hyperbolic  decrease  in  Ptj-o^  occurred."  Thus,  the 
ratio  of  Ptco-  to  Pao^  may  provide  important 
information  on  the  limitation  of  arterial  perfusion. 
It  should  be  noted  that  a  fall  in  PtcO:  may  signal 
either  hypoxemia,  reduction  in  cardiac  output,  or 
cutaneous  vasoconstriction.  If  there  has  not  been  a 
simultaneous  fall  in  Pao-  and  the  ratio  of  P(cO:  to 
PaOi  has  dropped,  further  physiologic  assessment  is 
clearly  indicated  to  see  where  the  problem  lies — in 
cardiac  output  or  local  perfusion."' 

Unlike  Ptc02»  Ptcco:  correlates  very  well  with  the 
corresponding  arterial  values  and  appears  less 
influenced  by  changes  in  skin  blood  flow.  In  fact, 
the  ability  of  Ptcco:  to  predict  Paco:  appears  as  good 
in  adults  as  in  neonatal  patients.'^  This  is  probably 
a  reflection  of  the  greater  ease  with  which  CO:  diffuses 
from  the  subepidermal  capillary  bed  across  subcu- 
taneous tissues  to  the  skin  surface.  Thus,  there  appears 
to  be  an  important  place  for  Ptcco:  monitoring  in 
the  clinical  management  of  adult  patients  with 
respiratory  compromise.  Ptccoi  monitoring  should 
also  be  useful  in  assessment  of  gas  exchange  during 
sleep  and  during  the  course  of  pulmonary  function 
studies  in  adult  subjects. 
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Martin  Discussion 

Rodriguez:  We  change  sites  quite 
frequently — as  often  as  every  2  hours 
because  of  the  fear  of  causing  thermal 
injury.  This  is  not  only  labor-intensive, 
it  is  also  costly.  Are  there  alternatives 
you  can  suggest?  You  mentioned  using 
a  temperature  of  44  °C.  We  have  been 
unable  to  use  that  temperature  for 
longer  periods  without  causing  blisters. 
Martin:  I  think  that  in  the  smallest 
infants  we  have  to  lower  electrode 
temperature  to  43.5  or  maybe  43  ^C. 
Some  of  these  little  babies  do  blister — 
I  don't  know  why  some  do  and  some 
don't,  but  when  you  see  those  babies 
3  and  4  months  later  you  do  actually 
see  little  circular  marks  on  the 
abdomen.  I'm  not  sure  what  happens 


to  the  skin  lesions  after  a  year  or  two, 
but  I  think  that  they  tend  to  go  away. 
We  certainly  don't  want  to  produce 
a  generation  of  people  with  little  white 
spots  on  their  abdomens.  You  have 
suggested  that  changing  the  electrode 
every  2  hours  alleviates  that  problem, 
and  you  may  be  right. 
Kacmarek:  Just  an  observaticMi  from 
our  NICU — it  seems  that  with  the 
advent  of  pulse  oximetry  we  rarely 
utilize  transcutaneous  monitoring  of 
Pq,.  Why,  in  your  opinion,  has  that 
change  occurred?  1  agree  with  the  data 
that  you  presented.  1  think  that  we  see 
hyperoxygenated  children  much  nK>rc 
often  as  a  result  t)f  the  use  of  oximetry. 
When  1  go  through  the  NICU,  1  rarely 
see  saturations  <  98%;  with  the 
transcutaneous  monitor,  we  are  much 


more  concerned  with  keeping  the  PtcOi 
close  to  60  torr  and  not  allowing  it 
to  get  as  high  as  I  am  presuming  it 
does  with  a  saturation  of  98%.  Have 
we  intentionally  changed  the  way  we 
are  caring  for  these  babies  or  are  we 
simply  accepting  the  limits  of  this 
newer  technology — pulse  oximetry — 
because  it  is  easier  to  utilize  and  less 
troublesome  to  maintain?  (You  don't 
have  to  worry  about  burns,  and  you 
don't  have  to  change  the  site  at  which 
the  electrode  is  placed.) 
Martin:  I  think  you've  'hit  the  nail  on 
the  head.'  What  you  describe  has 
happened  in  our  nursery  and  probably 
has  happened  in  all  of  our  nurseries. 
I  think  that  NICUs  have  been  totally 
overwhelmed  with  6t)0-  and  700-g 
babies,  all  of  them  on  ventilators     and 
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for  long  periods  of  lime.  Physicians, 
respiratory  care  practitioners,  and 
nurses  are  overwhelmed;  and.  pulse 
o.\imeir\  is  something  that  you  can  do 
quick!)  and  readily  from  patient  l(i 
patient.  I  strongly  caution  against  the 
use  of  pulse  oximetry  as  the  sole 
noninvasive  oxygen  monitor  for  the 
baby  who  is  acutely  ill  over  the  first 
days  of  life. 

Chalburn:  Are  you  aware  of  any  data 
that  suggest  that  the  incidence  of 
retrolental  fibroplasia  (RLF)  is 
increasing,  associated  with  the  move 
away  from  transcutaneous  monitoring 
to  pulse  oximetry  and  the  more  or  less 
widespread  use  of  pulse  oximetry  to 
adjust  F|o.'' 

Martin:  No.  I  don't  think  there  are 
such  data. 

Mathews:  Regarding  Homer  (Rixjn- 
guez)  and  fkib's  (Kacmarek)  ctniimenLs 


on  the  use  of  oximetry  in  neonatal 
units  I  think  there  is  a  push  to  use 
those  instruments  rather  than  transcu- 
taneous monitors.  simpl\  because  you 
can  buy  many  more  pulse  oximeters 
for  the  same  money.  Also,  the  cost 
involved  in  personnel  time  for  calibra- 
tion, application,  and  maintenance 
appears  to  be  considerably  greater  for 
the  transcutaneous.  Another  point  is 
the  optimal  temperature  for  the  trans- 
cutaneous oxygen  electrode  different 
from  the  CO:  electrode? 
Martin:  1  really  didn't  clarify  that.  If 
all  we're  doing  is  measuring  Ptcto- 
with  one  of  these  devices,  I  would  say 
that  there  are  good  data  that  an 
electrode  temperature  of  42  ^C  is  just 
fine.  However,  a  Ptco^  reading  at  42 
°C  in  the  neonate  is  worthless.  We  are 
stuck  with  combined  electrodes  that 
have    one    heating    system    and    one 


thermistor,  and  we  employ  44  or  43.5 
C  for  combined  0:/C0:  electrodes. 

I.  Hcrrcll  N.  Martin  R.I,  Pultuskcr  M. 
ct  al.  Optimal  Icmpcralurc  for  the 
mcasurcmenl  of  IransLutancous 
earbini  duvvidc  k-nsion  m  the  neonate. 
.1  IVdiatr  iy<S();y7:l  14-117. 

Marini:  In  preparing  the  skin  of  the 
neonate  or  the  adult,  is  there  anything 
special  that  you  would  advise  be  done 
to  prepare  the  site  decortication  of 
the  skin,  wiping  with  alcohol,  or  any 
other  special  preparations  that  might 
be  helpful? 

Martin:  In  the  neonate,  there  is  no 
evidence  of  need  for  such  preparation. 
There  has  never  been  a  problem  in  the 
necMiate  unless  there  really  are 
profound  problems  with  perfusion.  1 
can't  speak  hi  the  preparation  of  adults. 
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Pulse  Oximetry: 
Instrumentation  and  Clinical  Applications 

James  P  Welch  BS  CCE,  Richard  DeCesare  MS,  and  Dean  Hess  MEd  RRT 


"For  life,  nothing  is  more  important  than  oxygen  supply." 
JW  Severinghaus  and  PB  Astrup,  1986' 

Background 

The  assurance  of  an  adequate,  continuous,  and 
uninterrupted  supply  of  oxygen  to  vital  organs  is  the 
fundamental  goal  of  oxygen  therapy.  This  assurance 
requires  both  diagnostic  and  surveillance  measure- 
ments. Diagnostic  measurements,  typically  performed 
in  'stat'  laboratories,  can  provide  discrete  measure- 
ments of  multiple  respiratory  variables  to  assist  the 
clinician  in  the  determination  of  patient  status  and 
therapeutic  progress.  In  1990,  the  improved  instru- 
mentation used  in  these  satellite  laboratories  can 
rapidly  report  a  broad  spectrum  of  analytic  measure- 
ments from  small  blood  samples.  Although  such 
laboratory  measurements  provide  accurate  and 
precise  measurements,  they  are  limited  to  discrete 
samples  and  are  subject  to  delays  between  sample 
drawing  and  analysis  and  subsequent  reporting.  In 
addition,  stat  laboratories  must  be  staffed  on  a 
continuous  basis  by  trained  laboratory  personnel  to 
provide  quality-controlled  measurements.  The  cost  of 
providing  this  service  is  considerable  given  the  expense 
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of  employing  skilled  personnel,  maintaining  sophis- 
ticated equipment,  and  providing  reagents.  Efforts  to 
bring  laboratory  analysis  to  the  bedside  have  had 
limited  success." 

Protection  against  possible  hypoxic  incidents 
requires  continuous  surveillance  of  oxygenation. 
Without  a  mechanism  for  continuous  automated  sur- 
veillance, clinicians  must  rely  on  observations  of  skin 
color  and  other  clinical  signs  to  detect  possible  hy- 
poxia. In  the  study  reported  by  Comroe  and  Bothelo,' 
the  majority  of  observers  could  not  detect  cyanosis 
until  the  saturation  fell  to  80%,  and  25%  of  the 
observers  could  not  detect  cyanosis  at  saturations  in 
the  range  of  71-75%.  In  a  more  recent  review,  Kelleher 
suggests  that  clinical  indicators  of  cyanosis  become 
obvious  only  at  an  arterial  oxygen  saturation  (SgoO 
sS67%.-' 

Pulse  oximeters  provide  continuous  noninvasive 
monitoring  of  oxygen  saturation  (SpoO  at  the  bedside. 
Unlike  some  laboratory  equipment,  pulse  oximeters 
do  not  require  laborious  calibration  routines  but  rely 
on  the  basic  principles  of  the  Beer-Lambert  law  and 
the  empirical  calibrations  stored  within  the  software 
of  the  oximeters.  The  most  attractive  feature  of  pulse 
oximetry  is  its  ability  to  continuously  monitor  arterial 
oxygen  saturation.  This  feature  alone  has  attracted 
the  attention  of  clinicians  and  standards-setting 
organizations.  Today,  pulse  oximetry  is  considered 
a  standard  of  practice  in  the  field  of  anesthesiology.' 
Severinghaus  has  proclaimed  that  pulse  oximetry  is 
"arguably  the  most  significant  technologic  advance 
ever  made  in  monitoring  the  well-being  of  patients 
during  anesthesia,  recovery,  and  critical  care."' 

History 

Pulse  oximetry  has  evolved  from  the  convergence 
of  three  technologies:  oximetry,  plethysmography,  and 
inicroprocessor-based  instrumentation.  Oximetry  is 
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based  on  the  spectrophotomelric  absorption  of  specific 
wavelengths  oii  light  by  a  blood  specimen.  A  history 
of  the  origins  of  this  technique  has  been  presented 
by  Severinghaus  and  Astrup.'  We  will  summarize 
here  some  of  the  more  important  aspects  of  that 
history. 

Early  oximeters  used  a  single  wavelength  (usually 
in  the  blue-green  or  red  portion  of  the  spectrum) 
to  demonstrate  the  relationship  between  light 
transmission  and  oxygen  saturation.  These  single- 
wavelength  devices  gave  only  relative  indications  of 
saturation  because  they  could  not  compensate  for 
hematocrit,  path  length,  or  absorption  caused  by  other 
factors. 

Matthes  is  credited  with  developing  (in  1935)  the 
first  oximeter  to  continuously  monitor  oxygen  sat- 
uration using  two  wavelengths  of  light.'  The  dual 
wavelengths  were  used  to  compensate  for  changes 
in  tissue  thickness,  blood  content,  and  other  variables. 
However,  the  resulting  sensor  was  bulky  and  therefore 
impractical.  Important  advances  in  noninvasive 
oximetry  occurred  during  World  War  II  because  of 
the  need  to  monitor  pilots  at  high  altitudes  in  un- 
pressurized  cockpits.  In  1942,  Millikan  reported  a 
lightweight  ear-sensor  "oximeter"  designed  for 
aviators."  This  2-wavelength  oximeter  required  2- 
point  calibration — one  calibration  measurement  at 
bloodless  zero  to  compensate  for  tissue  absorption, 
and  the  second  at  a  known  saturation  point  as  mea- 
sured by  the  Van  Slyke  method.  In  1 944,  Hemingway 
and  Taylor  used  the  Van  Slyke  manometric  method 
as  the  standard,  and  reported  accuracies  of  ±  5% 
in  the  Millikan  oximeter  at  saturations  greater  than 
60%. 

Although  the  2-wavelength  oximeters  were 
superior  to  single-wavelength  devices,  they  still  re- 
quired the  setting  of  a  zero  point  to  correct  for 
absorption  caused  by  skin  pigmentation  and  other 
bloodless  absorption  factors.  Wood  and  colleagues 
from  the  Mayo  Clinic  are  credited  with  improving 
upon  Millikan's  device  by  adding  an  inflatable  bladder 
that  rendered  the  ear  lobe  bloodless  and  consequently 
enabled  the  oximeter  to  obtain  a  zero  reading.'  They 
developed  methods  for  dividing  the  red  and  infrared 
signals  so  that  saturation  could  be  displayed  directly. 
They  used  these  devices  extensively  in  many  clinical 
investigations  in  the  operating  room. 

Shaw  is  credited  with  developing  an  8-wavelength, 
ear  oximeter  in  the  mid- 1 960s  that  uniquely  identified 


Abbreviations  Used  in  this  Paper 


COHb 

-  Carboxyhemoglobin 

^lo. 

—  Fractional  inspired  oxygen  concentration 

Hb 

—  Deoxyhemoglobin  (hemoglobin  available  to 

bind  with  oxygen) 

HbO: 

—  Oxyhemoglobin 

Hbioial 

Hb  +  HbOj  +  COHb  +  MelHb 

ICU 

—  Intensive  care  unit 

LED 

—  Light-emitting  diode 

MetHB 

—  Methemoglobin 

PaO: 

—  Arterial  oxygen  tension  (pressure) 

SaO: 

—  Arterial  oxygen  saturation 

SpO: 

—  Oxygen  saturation  measured  via  pulse 

oximetry 

A  Guide  to  the  Use  of  SI  in  This  Paper* 

The  SI  unit  for  pressure  is  the  kilopascal  (kPa). 
(torr)(0.1333)  =  kPa. 

The  SI  unit  for  amount  of  bilirubin  is  /umol/L 
(mg/dL)(l.7)  =  fimoWL. 


*For  further  information  on  SI  (le  Systeme  International 
d'Unites),  see  Respir  Care  1988;33:861-873  (October 
1988)  and  Respir  Care  1989:34:145  (February  1989  - 
Correction ). 


multiple  species  of  hemoglobin  and  compensated  for 
tissue  absorbency.  This  device  was  refined  by  Hewlett- 
Packard  and  marketed  to  pulmonary  function 
laboratories  in  the  1980s. 

The  Japanese  bioengineer  Aoyagi  is  credited  with 
developing  the  first  pulse  oximeter.**  Aoyagi  had  been 
researching  the  measurement  of  cardiac  output  by 
dye  dilution  using  an  ear  oximeter.  He  devised  a 
method  to  separate  the  pulsatile  component  from  the 
static  component  of  the  infrared  signal  to  obtain 
cardiac  output  measurements.  He  observed  that  the 
plethysmographic  signal  was  sensitive  to  changes  in 
oxygen  saturation.  Aoyagi  recognized  that  the  pul- 
satile component  of  the  absorption  signal  was  due 
to  arterial  blood  volume  changes  and  was  unaffected 
by  skin  pigmentation,  tissue,  and  bone.  This 
development  resulted  in  a  self-calibrating  device  that 
used  a  greatly  simplified  sensor.  The  staff  of  the 
Japanese  firm  Nihon  Kohden  is  credited  with 
developing   Aoyagi's    instrument   and    receiving   a 
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ABSORPTION    COEFF    vs    WAVELENGTH 

Tor   Hemoglobin    Types 


Fig.  1 .  Absorption  spectra  in  the  visible  and  near-visible 
range  tor  various  species  of  hiemoglobin.  (Used  with 
permission  of  Ohmeda,  a  Division  of  The  BOC  Group 
Inc.  Louisville  CO.) 


Japanese  patent  in  1974.^  Soon  afterward  a  competing 
patent  was  applied  for  by  the  Minoruta  Camera 
Company  (Minolta). 

Further  development  of  the  pulse  oximeter  was 
pioneered  by  Biox  (now  a  division  of  Ohmeda)  and 
Nellcor.  Both  companies  applied  microprocessor  tech- 
nology to  improve  oximeter  performance.  Biox  mar- 
keted its  device  to  respiratory  therapy  departments 
and  pulmonary  function  laboratories.  The  co-founder 
of  Nellcor,  New,  recognized  the  value  of  continuously 
monitoring  oxygenation  in  the  anesthestized  patient 
and  championed  its  use  in  the  operating  room/  Many 
other  companies  have  entered  the  field  and 
improvements  in  performance  continue  to  be  made 
as  new  algorithms  are  developed. 


Principles  of  Measurement 

Oximeters  utilize  measurements  based  on  spectro- 
photometric  principles — the  identification  of  a  sub- 
stance based  on  the  wavelengths  of  the  electromag- 
netic spectrum  that  the  substance  absorbs.  Hemo- 
globin species  absorb  wavelengths  in  the  visible  and 
infrared  spectrum  (between  600  and  1000  nm) 
(Fig.  1).  Oxyhemoglobin  specifically  absorbs  less  light 
in  the  red  region  of  the  spectrum  (660  nm)  than 
does  deoxyhemoglobin  (reduced  hemoglobin),  and, 
therefore,  oxygenated  blood  has  a  distinctive  red  color. 
The  proportion  of  light  absorbed  by  a  standard  con- 
centration of  a  known  solution  at  a  specific  wave- 
length is  the  extinction  coefficient  of  that  solution. 
The  Beer-Lambert  law  defines  the  relationship  be- 
tween the  concentration  of  a  solute  and  the  amount 
of  light  transmitted  through  the  soluUon: 

I       =1-  p-A 

'out      'in^ 

and 
A  =  LCe 
where  lout  is  the  intensity  of  light  coming  out  of 
the  sample,  lin  is  the  intensity  going  into  the  sample, 
e  is  the  base  of  the  natural  logarithm,  L  is  the  optical 
path  length,  C  is  the  concentration  of  the  gas,  and 
e  is  the  absorption  at  the  particular  wavelength  being 
used.'  The  assumptions  of  the  Beer-Lambert  law  are 
that  all  light  passes  through  the  solution  (ie,  no  light 
scatter  occurs)  and  that  the  solute  is  a  homogeneous 
solution. 

Determining  the  concentration  of  a  single  known 
substance  requires  measuring  the  light  absorption  (A) 
at  a  specific  wavelength  with  a  known  extinction 
coefficient  (e)  through  a  known  path  length  (L) 
(Fig.  2).  Solutions  with   multiple  species  require 


(a) 


(b) 


Fig. 2.  Beer-Lambert  law  relating  the 
absorption  (A)  to  the  concentration 
[HbO;].  In  the  case  of  a  homogeneous 
solution  (a),  if  i  and  L  are  known  then 
[HbO;]  can  be  determined  by  meas- 
uring A.  In  the  case  of  a  non- 
homogeneous  solution  (b),  there  are 
too  many  variables  to  determine 
[Hb02]  and  [Hbj. 


-^=  A  =  e[HbO:]L 


A  =  («°[HbO:]  +  t'[Hb])L 


586 


RESPIRATORY  CARE  •  JUNE  '90  Vol  35  No  6 


PULSE  OXIMETRY 


additional  wavelengths — one  for  each  species.  In  the 
case  o(  pulse  oximetry,  two  wavelengths  are  selected 
to  determine  the  relative  concentration  of  oxyhemo- 
globin and  deoxyhemoglobin.  The  specific  wave- 
lengths are  selected  based  on  the  availability  of  low- 
cost  light-emitting  diodes  (LED)  in  the  red  and  infra- 
red regions  of  the  spectrum.  At  the  red  wavelengths, 
oxyhemoglobin  absorbs  less  light  than  does  deox- 
yhemoglobin with  the  reverse  true  of  the  infrared 
waves.  Dividing  the  absorption  of  one  wavelength 
by  the  other  cancels  the  path  length  (L)  (Fig.  3). 


Ai 

A2 


e°[HbO:] 


e;[Hb]L 


e^IHbO: 


t2[Hb]L 


louti 


l0Ut2 


Ijni 


lins 


Fig.  3  Principle  of  the  2-wavelength  oximeter.  By 
measuring  the  absorption  ratio,  the  effects  of  the  path 
length  (L)  cancel.  The  resulting  equation  can  then  be 
solved  by  assuming  [Hbtotai]  "  [HbO.  +  Hb]. 


The  relationship  between  the  absorption  ratio  and 
the  oxygen  saturation  defines  the  calibration  curve. 

Obtaining  noninvasive  Spo,  measurements  is  ham- 
pered by  a  number  of  factors  that  affect  reflection 
and  absorption,  such  as  venous  blood,  intervening 
tissues,  bone,  and  skin  pigmentation.  The  Hewlett- 
Packard  Ear  Oximeter  corrected  for  absorption  un- 
knowns by  heating  the  ear  piece  to  "arterialize"  the 
vascular  bed  and  by  analyzing  absorption  at  8  wave- 
lengths to  correct  for  absorption  interference.'"  Pulse 
oximeters  correct  for  the  absorption  characteristics 
of  substances  not  found  in  pulsatile  blood  by  sep- 
arating the  pulsatile  (AC)  component  of  the  absorp- 
tion signal  from  the  static  (DC)  component.  The 


amplitude  of  the  DC  component  is  affected  by  the 
absorbency  of  tissue  bed,  venous  blood,  capillary 
blood,  nonpulsatile  arterial  blood,  the  intensity  of  the 
light  source,  and  the  sensitivity  of  the  detector.'"  " 
The  AC  component  results  from  the  expansion  of 
the  arteriolar  bed  with  arterial  blood.  The  amplitude 
of  the  AC  component  is  a  small  percentage  of  the 
total  signal  amplitude  and  depends  on  the  blood 
volume  per  pulse  and  the  SaO;  (Fig-  4).  Dividing 
the  AC  component  by  the  DC  component  results 
in  a  "pulse  added"  absorption  that  is  independent 
of  the  incident  light  intensity.  This  corrected  AC  value 
is  theoretically  a  function  only  of  the  concentration 
of  oxyhemoglobin  and  deoxyhemoglobin  in  the 
sample  measurement.  The  ratio  of  "pulse  added" 
absorption  at  both  wavelengths  (red  and  infrared) 
at  various  SgO:  levels  yields  the  calibration  curve  for 
the  instrument  (Fig.  5). 

Many  commercially  available  pulse  oximeters  use 
transmittance  spectrophotometry,  in  which  the  pul- 
sating arterial  vascular  bed  is  placed  between  the  light 
source  (LED)  and  the  detector.  Reflectance  pulse- 
oximeter  sensors  have  recently  become  available,  but 
currently  (1990)  they  are  not  widely  used.'"  '■*  In 
the  reflectance  pulse-oximeter  sensor,  the  light  source 
and  detector  are  placed  on  the  same  side  of  the 
pulsating  arterial  bed. 

Many  pulse  oximeters  provide  some  indication  of 
the  strength  of  the  signal  (pulse  amplitude)  to  allow 
the  user  to  judge  the  quality  of  the  results.  The  in- 
dication can  be  in  the  form  of  a  bounding  bar  or 
a  plethysmographic  waveform.  Inspection  of  the 
plethysmographic  waveform  also  allows  the  user  to 
detect  artifact  such  as  occurs  with  motion.  It  should 
be  noted  that  some  pulse  oximeters  normalize  the 
plethysmographic  waveform;  so,  the  height  of  the 
wave  per  se  is  not  necessarily  a  good  indicator  of 
signal  strength.  Although  the  pulse  oximeter  probably 
should  provide  some  indication  of  signal  strength, 
no  evidence  exists  to  suggest  that  such  a  waveform 
is  essential. 

Because  pulse  oximeters  evaluate  each  arterial 
pulse,  many  oximeters  display  heart  rate  as  well  as 
oxygen  saturation.  If  the  heart  rate  displayed  by  the 
oximeter  differs  considerably  from  the  actual  heart 
rate,  the  Spo^  should  be  questioned.  However,  good 
agreement  between  the  pulse-oximeter  heart  rate  and 
the  actual  heart  rate  does  not  guarantee  a  correct 
Spo;  reading. 
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pulsatile  arterial  blood  absorption 
non  pulsatile  arterial  blood  absorption 

venous  and  capillary  blood  absorption 
tissue  absorption 


Fig.  4.  Illustration  of  the  absorption 
signal  at  a  single  wavelength.  The 
pulsatile  AC  signal  is  small  compared 
to  the  non-pulsatile  signal;  however, 
it  is  a  distinguishing  feature  of  arterial 
blood  absorption.  (Adapted,  with 
permission,  from  Ohmeda  Pulse 
Oximeter  Model  3700  Service 
Manual,  1986:22.) 


TIME 


Accuracy 

Early  pulse  oximeters  implemented  theoretical 
calibration  curves  to  determine  Spo.  levels.  Investi- 
gators soon  found  that  theoretical  predictions  under- 
estimated true  SaOi  levels.'  Today,  pulse  oximeters 
incorporate  empirical  calibration  curves  developed 
from  studies  on  healthy  volunteers.^  '  Thus,  different 
brands  of  oximeters — even  software  revisions  from 
the  same  manufacturer — may  display  different  value 
outs  based  on  the  empirical  calibration  curve  con- 
tained within  the  device.'"  The  empirical  calibration 
curves  are  limited  to  the  range  of  saturations  the  vol- 
unteers could  achieve  and  the  accuracy  of  the  mea- 
surement standard,  typically  a  CO-oximeter.  Many 
manufacturers  claim   accuracies   within   ±   2%   for 


0.4  0.6  0  8  1.0  1.2  1.4  15  1.8  20  2.2  2.4  2.6  2.8  3  0  3  2  3.4 
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AC,„/DC  ,,„ 

Fig.  5.  Illustration  of  a  'pulse-added'  calibration  curve. 
Dividing  the  AC  signal  by  the  DC  signal  for  both 
wavelengths  and  then  dividing  the  resulting  fraction, 
yields  a  theoretical  calibration  curve  that  is  insensitive 
to  light  intensity.  Actual  calibration  curves  are  based  on 
experimental  data  and  therefore  may  differ  from 
theoretical  values. 


saturations  above  70%  and  ±  3%  for  saturations  be- 
tween 50%  and  70%.  It  should  be  noted  that  some 
manufacturers  report  accuracies  that  represent  1 
standard  deviation.^ "  Thus,  95%  of  the  population  falls 
within  a  range  that  is  twice  the  range  stated  by  the 
manufacturers  (ie,  2  SD). 

One  reason  for  the  compromised  accuracy  at  lower 
saturations  is  the  wavelength  tolerance  of  the  660- 
nm  LED.  The  extinction  coefficient  for  reduced  hemo- 
globin is  relatively  steep  in  this  region.  A  shift  in 
the  center  frequency  of  the  LED  can  result  in 
significant  measurement  error  especially  at  lower 
saturations  at  which  the  relative  concentration  of 
reduced  hemoglobin  is  greater."'  To  minimize  this 
error,  the  manufacturers  test  and  select  LEDs.  Nellcor 
has  patented  a  method  for  fitting  the  red  LED  in 
its  probe  with  a  resistor  that  'tells'  the  oximeter  the 
center  frequency  of  the  LED.  A  shift  in  the  infrared 
LED  is  less  important  because  the  extinction 
coefficients  in  this  region  are  relatively  flat. 

Numerous  studies  evaluating  the  accuracy  of  pulse 
oximetry  '  '  and  several  comprehensive  reviews  have 
been  published.  ''^^-''  Statistical  methods  vary 
between  earlier  and  more  recent  studies.  Linear  re- 
gression and  correlation  coefficients  were  used  to 
report  accuracy  in  earlier  works.  Such  analysis  un- 
fortunately reports  the  association  between  two 
methods — in  this  case  the  pulse  oximeter  and  the 
in-vitro  measurement— rather  than  the  degree  of 
confidence  in  the  new  measurement.  More  recent 
investigations  report  bias,  the  mean  of  the  measure- 
ment difference  (SgOi  -  Spo^).  and  precision,  the 
standard  deviation  of  the  difference — measures  that 
better  reflect  agreement  between  results  by  the  two 
methods. '" 

Investigators  have  concluded  that  pulse  oximetry 
accuracy    is   acceptable   for   saturations   above 
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70%.''""'"  However,  below  70'/^  ihe  accuracy  of 
pulse  oximeters  is,  at  best,  questionable.  Severinghaus 
and  Naifch  have  reported  devices  with  bias  in  the 
range  +7.9  to  13.1  tor  saturations  between  40'v  and 
70%."  Severinghaus  and  Naifeh  also  compared  the 
accuracy  of  the  ear  sensor  to  the  finger  sensor,  and 
found  the  ear  senst)r  to  be  more  responsive  than  the 
finger  sensor  to  sudden  changes  in  F|o..  Response 
times  for  the  ear  sensor  ranged  from  9.6-19.8  seconds 
vs  24.0-35.1  seconds  for  the  finger  sensor. 


Funclional  S^q, 


HbO: 


Hb02  +  Hb 


X  100. 


Performance  Limitations 


Motion 


Pulse  oximeters  detect  a  pulse  and  equate  presence 
of  the  pulse  with  the  presence  of  arterial  blood.  Any 
phenomenon — either  mechanical  or  optical — that 
causes  artifact  in  the  pulsatile  signal  compromises 
instrument  performance.  Any  transient  change  in  the 
distance  between  the  LEDs  and  the  detector  can  result 
in  an  error  signal  at  both  wavelengths.  If  these  transient 
artifacts  mimic  a  vascular  beat,  false  Spo,  measure- 
ments result.  False-positive  alarms  are  of  particular 
concern  in  the  critical  care  setting  because  instruments 
with  frequent  alarms  are  often  ignored  or  the  alarms 
are  disabled.  Motion  artifact  is  distinguished  by  false 
or  erratic  pulse  rate  displays  on  the  instrument.  In- 
spection of  the  plethysmographic  waveform  (if  it  is 
displayed)  may  also  help  to  delect  motion  artifact. 
Such  changes  have  been  reported  during  transport 
and  patient  shivering.  " '  Improved  feature  recog- 
nition in  beat-detector  algorithms  may  reduce  the 
occurrence  of  this  artifact,  but  further  study  is  needed. 

Dyshemoglobins 

Currently  available  pulse  oximeters  ( 1990)  assume 
that  dyshemoglobins — notably  carboxyhemoglobin 
(COHb)  and  methemoglobin  (MetHb)-  are  present 
only  in  unimportant  concentrations.  COHb  and 
MetHb  have  absorption  characteristics  in  the  same 
region  of  the  spectrum  as  oxyhemoglobin  and  deoxy- 
hemoglnbin.  When  significant  amounts  of  dyshemo- 
globin  are  present,  the  difference  between  so-called 
functional  and  fractional  saturation  widens.  Func- 
tional saturation  (Sao^)  is  the  amount  of  hemoglobin 
bound  to  oxygen  expressed  as  a  per  cent  of  the  loial 
amount  of  hemoglobin  available  for  binding: 


Fractional  saturation  is  oxyhemoglobin  expressed 
as  a  per  cent  of  the  total  amount  of  hemoglobin: 


HbO. 


1  raciK.nal  Sao..  =  HbO:  +  Hb  ^  COHb  ^  MelHb 


100. 


If  Still  other  dyshemoglobins  such  as  sulfhemoglobin 
are  present,  they  must  be  added  to  the  denominator 
of  this  equation.  A  4-wavelength  instrument  is  re- 
quired to  determine  the  presence  of  COHb  and  MetHb 
in  a  sample  (and  thus  to  distinguish  between  functional 
and  fractional  Sao,).  The  first  commercially  available 
clinical  device  to  measure  and  report  fractional 
saturation  was  the  IL  182,  introduced  in  1972  by 
Instrumentation  Laboratories.  The  instrument  is  based 
on  multiwavelength  spectrophotometry  of  lysed 
whole  blood  samples.  Cells  are  lysed  to  eliminate 
the  effects  of  light  refraction  and  scatter  caused  by 
the  discontinuity  of  the  refractive  index  at  the  cell 
wall.  Four  wavelengths  are  used  to  determine  four 
separate  species  of  hemoglobin:  oxyhemoglobin, 
deoxyhemoglobin,  methemoglobin,  and  carboxyhe- 
moglobin. Total  hemoglobin  can  then  be  estimated 
as  the  sum  of  the  four  hemoglobin  species,  with  the 
assumption  that  no  other  species  are  present  in 
important  amounts.  Wavelengths  below  630  nm  were 
chosen  to  avoid  interference  with  cardiovascular  dyes. 
Values  for  each  of  the  hemoglobin  species  are  reported 
as  percentages  of  total  hemoglobin,  and  a  calculated 
value  for  oxygen  content  is  supplied.'" 

The  presence  of  either  COHb  or  MetHb  causes 
errors  in  the  data  displayed  on  2-wavelength  pulse 
oximeters.  In  the  case  of  carboxyhemoglobin,  a 
significant  amount  of  absorption  occurs  in  the  red 
region  but  almost  no  absorption  in  the  infrared  region 
(Fig.  1).  This  results  in  falsely  high  fractional 
saturation  values."  Experimental  animal  studies 
support  this  conclusion.  "^  Thus,  pulse  oximetry  should 
not  be  used  in  cases  of  suspected  carbon  monoxide 
poisoning  such  as  results  from  smoke  inhalation. 

MetHb  absorbs  significant  amounts  of  light  at  both 
red  and  infrared  wavelengths  (Fig.  1).  Several  papers 
have  reported  the  effects  of  MetHb. '''"  The  effect 
of  MetHb  on  Spo>  is  difficult  to  predict  from  simple 
examination  of  the  absorption  spectrum.  The  absorp- 
tion in  the  red  region  is  similar  to  deoxyhemoglobin. 
whereas  in  the  infrared  region  MetHb  absorbs  con- 
siderably more  than  either  oxyhemoglobin  or  deoxy- 
hemoglobin. Tremper  and  Barker  concluded  from 
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experimentation  in  dogs  that  pulse  oximeters  give 
falsely  low  values  at  high  concentrations  of  MetHb 
for  oxygen  saturations  above  85%,  and  falsely  high 
values  for  oxygen  saturations  below  85%.  They  sug- 
gest that  the  reason  for  this  error  reversal  is  the  rela- 
tively equal  absorption  of  MetHb  at  both  wavelengths. 
At  high  MetHb  concentration,  this  equal  absorption 
forces  the  absorption  ratio  to  a  value  of  1 .0.  Tremper 
and  Barker  postulated  that  an  absorption  ratio  of  1.0 
represented  a  Spo^  value  of  85%  for  the  instrument 
used  in  their  study.  As  in  carboxyhemoglobinemia, 
pulse  oximetry  should  not  be  used  with  elevated 
MetHb  levels. 

A  third  species  of  hemoglobin,  fetal  hemoglobin 
(HbF),  is  commonly  encountered  in  both  pre-  and 
full-term  infants,  constituting  60-90%  of  the  total 
hemoglobin  in  the  newborn  infant.  ^  Cornelissen  stud- 
ied the  absorption  wavelength  of  fetal  hemoglobin 
in  the  visible  spectrum  below  630  nm  and  developed 
a  "Cornelissen  Correction"  for  the  IL  282  CO- 
Oximeter  to  obtain  accurate  saturation  data  for 
newborn  blood.""  Harris  et  al"'  and  Mendelson  et 
al"""  have  conducted  spectral  analysis  on  in-vitro  HbF 
in  the  600-1000  nm  range  in  which  pulse  oximeters 
perform,  and  found  the  wavelength  absorption  of 
oxygenated  and  reduced  HbF  to  be  within  3%  of 
adult  hemoglobin.  Clinical  studies  have  found  good 
agreement  between  Spo,  and  simultaneous  in-vitro 
SaOi  measurements  in  newborn  infants.''  '"'"' 

Vascular  Dyes 

Three  vascular  dyes — methylene  blue,  indigo 
carmine,  and  indocyanine  green — have  been  reported 
to  depress  Sp02  measurements.''^'"'  Methylene  blue 
has  the  greatest  effect  on  pulse  oximeter  results  be- 
cause it  has  a  major  absorbency  in  the  red  spectrum 
close  to  the  660  nm  wavelength.  Spurious  transient 
desaturation  to  65%  in  a  surgical  patient  on  0.50 
Flo,  who  was  being  treated  with  methylene  blue  has 
been  reported  by  Kessler  and  colleagues.'"  Indigo 
green  and  indocyanine  green  exhibit  much  less  effect 
because  of  their  lower  absorbency  in  the  red  and 
infrared  regions  of  the  spectrum. 


signal  strength.  However,  reports  have  demonstrated 
interference  signals  from  sources  such  as  xenon 
lamps,''^  fluorescent  lights,^'*'"'  and  infrared  lights.^' 
In  each  case,  the  interference  was  identified  by  the 
false  pulse  rate  displayed  on  the  instrument.  Such 
effects  can  be  minimized  by  isolating  the  sensor  from 
the  interfering  signal  by  wrapping  the  probe  with 
a  light  barrier. 

Low  Perfusion  States 

Because  pulse  oximeters  require  the  detection  of 
a  pulse  in  order  to  determine  Spo^,  they  are  unreliable 
during  cardiac  arrest  and  cardiopulmonary  bypass. 
One  investigator  has  reported  the  value  of  the  ple- 
thysmographic  waveform  in  assessing  the  adequacy 
of  chest  compression  during  cardiopulmonary  resus- 
citation.'" The  amplitude  of  the  photoplethysmogra- 
phic  signal  is  normally  a  small  percentage  of  the  total 
absorption  signal.  Lawson  et  aP'  have  demonstrated 
correct  beat  detection  by  pulse  oximeters  at  perfusion 
levels  below  8.6%  of  baseline  perfusion.  This  apparent 
sensitivity  has  been  used  by  clinicians  to  assess  surgical 
implantation  of  a  hand,'^  detection  of  peripheral  pulse 
for  determination  of  systolic  pressure,""  and  per- 
formance of  the  Allen's  test.^*"'"  However,  low  per- 
fusion states  may  render  pulse  oximeters  more  sus- 
ceptible to  motion  artifact.  Under  vasoconstrictive 
conditions,  the  ear  lobe  has  been  demonstrated  to 
be  the  vascular  site  least  affected  by  compromised 
perfusion.  ^ 

Skin  Pigmentation 

Ries  et  al"  have  evaluated  the  effects  of  skin 
pigmentation  using  a  pulse  oximeter  with  an  ear  probe 
and  have  found  significantly  more  technical  problems 
in  persons  with  deeply  pigmented  skin.  They  also 
found  that  the  oximeter  readings  were  slightly  less 
accurate  in  those  with  dark  skin  color.  They  conclude 
that  dark  skin  color  may  affect  the  accuracy  and 
performance  of  pulse  oximeters. 

Nail  Polish 


Ambient  Light 

In  general,  pulse  oximeters  correct  for  ambient  light 
by  adjusting  the  intensity  of  the  LED  for  maximum 


Cote  et  al''"  evaluated  the  effects  of  nail  polish 
on  the  accuracy  of  pulse  oximetry  when  a  finger  probe 
is  used.  They  found  that  black,  blue,  and  green  nail 
polish  significantly  lowers  oximeter  readings,  and 
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recommend  that  nail  polish  be  routinely  removed 
before  pulse  oximetry  monitoring  is  begun. 

Hyperbilirubinemia 

The  effect  of  hyperbilirubinemia  on  the  accuracy 
of  pulse  oximetry  has  been  studied  by  Veyckemans 
et  al.*"'  In  a  study  of  29  patients  with  bilirubin  levels 
as  high  as  84.3  mg/dL  [1442  /./mol/L],  no  demon- 
strable effect  of  high  bilirubin  levels  on  Spo.  was 
detected.  It  is  of  interest  to  note  that  patients  in  that 
study  who  were  hyperbilirubinemic  also  had  higher 
COHb  levels  (S-b*^*)  than  normal  due  to  the 
production  of  carbon  monoxide  from  the  metabolism 
of  heme.  (Bilirubin  and  carbon  monoxide  are  both 
end  products  of  heme  metabolism.)  Bilirubin  exhibits 
a  single  broad  absorbance  peak  at  460  nm,  sufficiently 
below  the  wavelengths  used  by  pulse  oximeters. 


Clinical  Applications 

Pulse  oximetry  has  gained  widespread  acceptance 
in  the  medical  community.  In  October  1986,  the 
American  Society  of  Anesthesiologists  promulgated 
standards  that  require  the  continuous  monitoring  of 
patient  oxygenation  and  strongly  recommend  the  use 
of  pulse  oximetry.  The  Joint  Commission  on  Ac- 
creditation of  Healthcare  Organizations  has  extended 
these  standards  beyond  the  operating  room  to  when- 
ever and  wherever  patients  receive  sedatives  or 
analgesics  capable  of  interfering  with  airway- 
protective  reflexes.''"  In  August  1988,  the  Society  for 
Critical  Care  Medicine  published  guidelines  that 
recommend  pulse  oximetry  monitoring  for  patients 
receiving  oxygen  therapy."'  More  recently  the  state 
of  New  Jersey  has  developed  guidelines  for  critical 
care  units  that  require  pulse  oximetry  for  patients 
receiving  supplemental  oxygen. '"' 

In  Anesthesia 

Pulse  oximetry  has  gained  universal  acceptance  for 
the  intraoperative  monitoring  of  oxygenation,'  and 
the  frequency  of  critical  incidents  that  has  led  to 
undesirable  medical  outcomes  has  been  well  studied. 
Cooper  et  al"^  found  that  of  1089  incidents  collected 
from  139  anesthesia  providers,  more  than  207(  were 
associated  with  airway  management.  Cote  et  al'''' 


demonstrated  a  decrease  in  the  frequency  and  duration 
of  low  saturation  states  with  the  introduction  of  pulse 
oximeters  during  and  immediately  following 
anesthesia.  In  this  study,  fewer  than  half  (10/24)  of 
the  incidents  in  which  saturations  fell  below  73%  were 
detected  by  clinicians  blinded  to  the  pulse  oximeter. 
A  significantly  lower  frequency  of  desaturations  was 
observed  with  the  use  of  pulse  oximetry,  suggesting 
the  value  of  continuous  monitoring  in  preventing 
hypoxic  incidents.  Cooper  et  al"  reported  a  significant 
decrease  in  recovery-room  impact  events  (events  that 
affected  recovery  room  care,  eg,  intraoperative 
hypotension)  after  the  introduction  of  pulse  oximetry 
into  the  operating  room,  although  a  cause-and-effect 
relationship  was  not  clearly  established. 

The  value  of  Spo^  monitoring  during  transport  from 
the  operating  room  to  the  recovery  room  has  been 
demonstrated.  The  incidence  of  low  saturation  during 
transport  is  not  surprising  given  the  effects  of  residual 
anesthetics,  narcotics,  and  muscle  relaxants  on  the 
respiratory  system.  Tyler"  found  that  35"^  of  all  pa- 
tient transports  studied  had  incidents  of  saturations 
below  907c  and  12"?  had  incidents  below  85"^.  Similar 
studies  by  EUing  and  Manning''''  and  Blair  et  al*"'  re- 
ported incidents  of  saturation  below  90%  in  65%  and 
29%  of  their  study  populations,  respectively.  These 
studies  suggest  a  relationship  between  the  occurrence 
of  hypoxemia  and  obesity  or  a  history  of  asthma, 
and  between  the  absence  of  hypoxemia  and  the 
presence  of  an  anesthesiologist  during  transport.  The 
use  of  pulse  oximetry  during  transport  of  children 
to  the  recovery  room  has  also  been  reported,  "  and 
use  of  pulse  oximetry  in  the  recovery  room  proper 
has  also  been  evaluated." 


In  Adult  Critical  Care 

Few  studies  of  critical  incidents  in  the  intensive 
care  setting  have  been  conducted.  Osborn  et  al,'" 
in  a  work  published  before  the  advent  of  the  pulse 
oximeter,  reported  a  study  of  1 50  patients  in  a  surgical 
ICU  over  a  16-month  period  covering  320  patient 
days.  Respiratory  accidents  were  reported  in  16 
patients  (10%  incidence),  one  for  every  20  patient- 
days.  Osborn  concluded  that  respiratory  abnormalities 
are  frequently  unrecognized  and  that  prevention  of 
respiratory  catastrophes  requires  continuity  of 
measurement.  More  recently,  Niehoff  et  al  have 
studied   the   efficacy   of  pulse   oximetry   (and 
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capnometry)  for  identifying  respiratory  problems 
(PaO:  ^  70  torr  [9.3  kPa])  during  weaning  from  the 
ventilator,  in  a  postoperative  critical  care  unit.  In  their 
study  population  of  40  patients,  7  episodes  of  desat- 
uration  were  identified  by  pulse  oximetry  with  a 
sensitivity  of  100%.  The  authors  also  reported  a 
significant  reduction  in  the  number  of  blood  gases 
drawn  on  patients  who  were  continuously  monitored. 
However,  it  should  be  noted  that  pulse  oximetry  alone 
may  not  be  useful  during  weaning  from  mechanical 
ventilation  because  it  does  not  directly  evaluate 
changes  in  venulation  (ie,  PacoO- 

Transient  desaturations  of  85%  or  less  for  periods 
greater  than  30  seconds  have  been  reported  in  patients 
receiving  epidural  opiates,  patient-controlled  anal- 
gesia, and  intramuscular  analgesia.'^  Other  applica- 
tions for  pulse  oximetry  have  been  described, 
including  an  anecdotal  report  on  monitoring  oxygen- 
ation during  kinetic  bed  therapy^'  and  the  combi- 
nation of  pulse  oximetry  with  pulmonary  artery  ox- 
imetry to  titrate  continuous  positive  airway  pressure.  *" 

In  the  absence  of  critical-incident  studies,  the  im- 
pact of  continuous  Spo,  monitoring  in  the  critical 
care  setting  is  debatable. 

In  Neonatal  and  Pediatric  Care 

Many  published  papers  have  reported  the  use  of 
pulse  oximeters  in  infants  and  children.  ""'  Cote  et 
al*"  have  reported  that  patients  under  2  years  of  age 
desaturate  intraoperatively  more  often  than  do  older 
children  because  of  their  high  oxygen  consumption, 
smaller  functional  residual  capacity,  and  possible  al- 
ternate circulatory  pattern.  Pulse  oximetry  has  gained 
wide  acceptance  in  pediatric  and  neonatal  intensive 
care  units,  and  pulse  oximeters  appear  to  have  dis- 
placed transcutaneous  oxygen  monitors  in  applica- 
tions for  protection  from  hypoxemia.  This  technology 
conversion  is  understandable  given  the  self-calibration 
and  overall  ease  of  use  of  pulse  oximetry.  However, 
this  substitution  may  be  unfortunate  because  pulse 
oximeters,  by  their  very  nature  and  the  nature  of 
the  oxyhemoglobin  dissociation  curve  in  the  95-100% 
saturation  range,  probably  cannot  protect  against 
retrolental  fibroplasia.  The  oxygen  dissociation  curve 
in  this  region  is  relatively  flat,  and  small  changes 
in  saturation  can  represent  large  changes  in  PaO;- 
When  the  nature  of  the  dissociation  curve  is  coupled 
with  the  use  of  empirical  calibration  curves  in  pulse 
oximeters,  the  true  relationship  between  SpOj  and 


PaOi  may  be  further  clouded.  Studies  examining  this 
application  of  pulse  oximetry  have  reported  unim- 
pressive sensitivity,  specificity,  and  predictability.  *' 
When  pulse  oximetry  is  used  with  neonates,  it  is 
important  that  the  high-saturation  alarm  be  set 
appropriately — in  the  92-95%  range. 

For  Prescribing  Oxygen  for  Hospitalized  Patients 

Pulse  oximetry  is  commonly  used  to  evaluate  oxy- 
gen therapy  in  hospitalized  patients,  and  papers  have 
described  protocols  for  this.'^**'*''  These  evaluations  are 
often  performed  as  single  'spot'  checks — a  practice 
that  may  be  useful  in  some  patients  but  associated 
with  several  potential  problems.  First,  pulse  oximetry 
provides  no  direct  information  about  the  effectiveness 
of  ventilation — Paco:  and  pH.  Second,  the  Spo,  may 
not  be  a  good  reflection  of  PaO:  in  many  patients 
because  of  the  relationship  between  saturation  and 
Pao^  (ie,  the  shape  and  position  of  the  oxyhemoglobin 
dissociation  curve).  Nevertheless,  although  spot 
checks  by  pulse  oximetry  may  not  be  appropriate 
in  all  patients  to  evaluate  oxygen  prescriptions,  they 
may  be  useful  and  cost-effective  in  many  patients. 

Logan  et  al'""  evaluated  the  usefulness  of  pulse 
oximetry  for  screening  in  a  pulmonary  outpaUent  clinic. 
They  found  a  Spo^  less  than  85%  in  only  18  of  1675 
(Ll%)  patient  visits,  and  concluded  that  pulse  oximetry 
did  not  have  value  in  screening  large  numbers  of 
pulmonary  outpatients. 

During  Diagnostic  Procedures 

The  usefulness  of  oximetry  to  evaluate  oxygenation 
during  bronchoscopy  was  described  in  1976.  '  To- 
day, Spo-  is  commonly  monitored  during  bronch- 
oscopy. The  usefulness  of  oximetry  in  the  evaluation 
of  sleep-disordered  breathing  has  also  been  recognized 
for  many  years,'""  '""'  and  SpO:  is  now  commonly 
monitored  as  part  of  the  evaluation  of  sleep  apnea 
and  hypopnea. 

The  use  of  pulse  oximetry  during  bronchial  chal- 
lenge has  been  described.'"^  That  study  reported  a 
mean  drop  in  Spo,  of  3%  in  subjects  with  a  positive 
response  to  bronchial  challenge.  Similar  findings  were 
reported  in  another  study  that  evaluated  the  effects 
of  bronchial  challenge  on  PtcO:  and  Ptcco:- 
However,  not  enough  information  is  available  to 
recommend  routine  monitoring  by  pulse  oximetry 
during  airway-challenge  tesUng. 
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One  study  has  described  the  use  of  pulse  oximetry 
during  cardiac  catheterization.'"  In  that  study,  38% 
of  29  patients  had  a  drop  in  SpO:  to  below  90% 
at  least  once  during  the  procedure.  The  authors 
recommended  pulse  oximetry  or  supplemental  oxygen 
during  cardiac  catheterization,  particularly  for  those 
patients  with  poor  ventricular  function  or  low  resting 
Spo>.  or  those  expected  to  undergo  long  catheter- 
ization procedures. 

Several  studies  have  evaluated  the  use  of  pulse 


oximetry  during  exercise. 


Some  of  these  have 


questioned  the  validity  of  pulse  oximetry  results  during 
exercise.'"  ""  However,  others  have  concluded  that 
the  accuracy  of  pulse  oximetry  is  acceptable  during 
exercise.'""''  Further  work  is  needed  to  evaluate 
the  correlation  between  SaO:  ^^'^  ^pO^  during 
exercise. 


For  Prescribing  Long-Term  Oxygen 

The  current  Medicare  guidelines  allow  re- 
imbursement for  long-term  home  oxygen  if  the  Pao^ 
is  ^  55  torr  [7.3kPa]  or  the  oxygen  saturation  by 
CO-oximetry  or  pulse  oximetry  is  ^  85%."^  The 
use  of  pulse  oximetry  to  identify  patients  who  qualify 
for  home  oxygen  therapy  has  been  questioned."''  " 
Carlin  et  al"*'  evaluated  55  patients  by  simultaneous 
pulse  oximetry  and  PaO:  to  determine  eligibility  for 
long-term  oxygen  according  to  Medicare  guidelines. 
They  found  that  80%  of  patients  with  a  resting  Pao^ 
^  55  torr  [7.3  kPa]  had  a  Spo,  ^  85%.  In  other 
words,  these  patients  did  nol  qualify  for  Medicare 
reimbursement  by  the  pulse  oximetry  criterion  but 
did  qualify  by  the  Pao-  criterion.  Based  upon  the 
results  reported  by  Carlin  et  al,  pulse  oximetry  should 
not  be  substituted  for  Pao^  measurements  (ie,  arterial 
blood  gas  analysis)  to  prescribe  long-term  oxygen 
therapy.  This  opinion  has  been  expressed  by  others.'"^ 

In  Emergency  Medicine 

Several  studies  have  described  the  use  of  pulse 
oximetry  in  the  field"'''"  and  in  the  emergency  de- 
partment.'"^'"^  In  general,  these  studies  have  de- 
scribed the  usefulness  of  pulse  oximetry  in  these 
settings.  However,  only  two  of  the  studies  evaluated 
the  accuracy  of  pulse  oximetry  in  these  settings,  "' 
and  both  reported  close  agreement  between  PgO;  and 
Spo.-  Particularly  in  the  field,  care  must  be  taken 
to  avoid  problems  related  to  pulse  oximetry — such 


as  motion  artifact,  ambient  light  interference,  and 
inaccuracies  due  to  the  presence  of  COHb  and  MelHb. 
Further  work  is  needed  to  evaluate  pulse  oximetry 
in  these  settings. 

In  Conclusion 

Many  clinicians  believe  that  pulse  oximetry  has 
an  acceptable  accuracy  at  saturations  above  85%  (as- 
suming the  absence  of  confounding  optical  interfer- 
ence). This,  coupled  with  the  ease  of  operation  of 
most  available  instruments,  has  led  to  widespread 
acceptance  of  this  technology  in  patient  care  appli- 
cations as  a  surveillance  monitor  to  protect  against 
unanticipated  desaturation.  Acceptance  has  been  so 
great  that  most  manufacturers  of  bedside  and  portable 
monitors  are  incorporating  pulse  oximeters  into  their 
product  lines. 

As  with  any  new  technology,  new  problems  have 
been  identified  as  clinicians  have  gained  experience 
with  these  devices.  The  frequency  of  false  alarms 
arising  from  signal  artifact  is  of  major  concern  in 
the  intensive  care  setting  where  repeated  false  alarms 
cause  clinicians  to  disable  or  ignore  them.  Improved 
algorithms  and  coupling  to  other  measuring  and  mon- 
itoring devices  such  as  the  electrocardiograph  hold 
promise  for  reducing  the  frequency  of  these  false 
alarms. 

Pulse  oximetry  is  considered  a  standard  of  care  in 
the  operating  room  and  is  mandated  by  both  pro- 
fessional and  regulatory  authorities.  This  trend  is  likely 
to  continue  if  studies  demonstrate  the  benefit  of  con- 
tinuous surveillance  of  patient  oxygenation.  The  ques- 
tion of  whether  voluntary  introduction  or  mandate  of 
continuous  monitoring  of  oxygen  saturation  for  all 
patients  receiving  oxygen  therapy  will  result  in  a 
measurable  benefit  is  arguable.  In  the  absence  of  large 
critical-incident  studies,  this  debate  cannot  be  resolved. 
The  question  then  is  not  whether  pulse  oximetry  pro- 
vides adequate  indication  of  avoidable  respiratory  dis- 
aster but  to  what  extent  it  can  and  should  be  applied — 
given  limited  health  care  resources. 
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Welch  Discussion 

Hess:  Jim,  one  of  the  things  that's 
concerned  me  about  pulse  oximetry — 
dating  back  to  some  of  the  work  that 
we  did  on  pulse  oximetry  when  the 
devices  first  came  out,  and  F  guess  this 
ties  in  with  what  Rob  (Chatburn)  was 
saying  in  his  presentation  as  well — if 
you  look  at  the  accuracy,  the  bias  isn't 
too  bad.  It's  close  to  zero,  but  what 
concerns  me  is  what  I  think  is  a 
relatively  high  imprecision.  If  the 
precision  is  found  to  be  somewhere 
around  2-4%,  the  limits  of  agreement 
are  more  like  4-6'?.  So,  it  would  not 
be  unusual  for  the  true  arterial 
saturation  to  be  as  much  as  ±  5'?  from 
the  displayed  value.  If  you  then  try 
to  translate  that  to  Pq,,  you're  talking 
about  a  very  wide  range.  For  example, 
a  pulse  oximeter  saturation  of  95^?  can 
translate  into  a  true  saturation 
anywhere  from  90-100%,  which  will 
translate  into  a  Pq,  as  low  as  maybe 
55  or  60  torr  to  as  high  as  600  or 
6,000  or  6.000,000  torr— for  all  we 
know. 

Welch:  Let  me  try  to  dissect  that  a 
bit.  First  of  all,  the  issue  of  bias  and 
precision  is  greatly  influenced  by 
experimental  error:  and  experimental 
error  is  influenced  by  experimental 
technique.  When  you  compare  a  pulse 
oximeter  value  to  a  CO-oximeter 
value,  you're  dealing  with  two  different 
instruments  with  two  different  calibra- 
tions. The  resolution  of  a  pulse  oxi- 
meter with  just  a  digital  display  alone 
is  ±  one  digit.  So,  you  have  one  digit's 
worth  of  potential  error  there.  When 
you  do  a  study  like  that  you  have  to 


make  sure  that  you  draw  the  CO- 
oximeter  sample  at  the  exact  moment 
that  the  oxygen  saturation  meter  is 
reporting  to  you.  You  can  get  into  a 
real  hassle  trying  to  dissect  out  the 
contributing  factors  in  evaluating  one 
instrument  vs  the  other.  I  think  that 
comparing  pulse  oximeters  to  blood 
gas  values  is  hopeless.  The  true  value 
of  a  pulse  oximeter  is  in  surveillance 
rather  than  diagnosis.  A  pulse  oximetry 
reading  ^  95%  in  my  opinion  (and  I 
have  to  qualify  that  by  the  fact  that 
I  am  not  a  clinician)  is  a  good  reading. 
A  pulse  oximeter  reading  <  90%  is  a 
bad  reading.  To  separate  the  bias  and 
precision  errors  of  one  device  or  one 
measurement  from  another  is  very 
difficult.  I  have  observed  that  if  you 
take  two  pulse  oximeters  from  two 
different  manufacturers  and  attach 
them  to  two  digits  of  the  hand,  you 
may  get  different  readings.  So,  I  think 
the  issue  here  is  the  variability  between 
instruments  rather  than  the  variability 
between  an  instrument  and  a  standard. 
Hess:  I  guess  my  concern  is  that  if 
the  random  error  rate  is  ±  5%  and  the 
pulse  oximeter  saturation  is  95%,  then 
the  true  saturation  at  one  time  may 
be  as  high  as  100%  and  at  another  time 
as  low  as  90%.  Maybe  I'm  not  under- 
standing this,  Rob  (Chatburn)? 
Chatburn:  That's  the  way  I  see  it. 
Hes.s:  Maybe  I'm  not  interpreting  the 
statistics  correctly,  but,  as  I  understand 
it,  1  think  that  indeed  is  the  case. 
Pierson:  Speaking  as  a  clinician,  I 
think  that  of  all  the  individual  devices 
and  techniques  that  we'll  be  discussing 
in  this  conference,  pulse  oximetry  pre- 
sents the  biggest  problem  in  terms  of 


potential  misunderstanding,  misinter- 
pretation of  results,  and  actual  misuse. 
I  especially  liked  Jim's  (Welch) 
distinction  between  measurements 
made  in  the  context  of  diagnosis  vs 
surveillance.  And  I  fully  agree  that  the 
potential  value  of  oximetry  lies  in 
surveillance.  Let  me  give  you  an 
example  of  its  widespread  use  in  the 
diagnostic  context,  which  I  think  is 
giving  us  a  real  problem.  According 
to  the  AARC's  pulse  oximeter  guide, 
published  within  the  last  year  in  AARC 
Times,  23  or  more  manufacturers  have 
45  different  brands  for  sale  and  about 
50,000  units  are  in  use  in  the  United 
States.  I  think  that  this  translates  to 
a  lot  of  oximeters  being  used  out 
there  not  only  for  surveillance  but 
also  for  diagnosis.  Consider  the 
determination  of  chronic  hypoxemia 
for  long-term  oxygen  therapy,  that 
application,  I  believe,  is  an  example 
of  how  oximetry  should  not  be  used. 
HCFA  (Health  Care  Financing 
Administration)  as  reflected  in  the 
Medicare  Guidelines  has  determined 
that  a  saturation  determined  by  pulse 
oximetry  is  perfectly  acceptable  for 
initiation  of  long-term  oxygen 
therapy —which  means  that  many, 
many  thousands  of  patients  are  having 
oxygenation  status  assessed  in  this  way. 
This  practice  was  soundly  condemned 
by  the  first  Long-Term  Oxygen 
Consensus  Conference  in  Denver." 
There  is  a  review  article  about  to  be 
published  in  Lung  that  discusses  the 
reasons  why  it  was  condemned. '  They 
include  the  fact  that  the  reading  may 
not  reflect  what  the  actual  hemoglobin 
saturation  is,  the  fact  that  the  hemo- 
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globin  saturation  may  not  reflect  what 
the  P02  really  is  (particularly  in  the 
case  of  alkalemia),  and  the  fact  that 
determination  of  saturation  is  not  an 
adequate  assessment  of  gas  exchange 
in  that  situation.  That's  an  example  of 
this  technology's  application  admit- 
tedly far  removed  from  the  operating 
room,  but  one  that  we  have  to  contend 
with  in  respiratory  care. 

1.  The  pulse  oximeter  guide.  AARC 
Times  1989;13(2):29-38. 

2.  Long-Term  Oxygen  Consensus 
Conference.  Conference  report:  Prob- 
lems in  prescribing  and  supplying 
oxygen  for  Medicare  patients.  Am 
Rev  Respir  Dis  1986;134:340-341. 

3.  Pierson  DJ.  Pulse  oximetry  vs  arterial 
blood  gas  specimens  in  long-term 
oxygen  therapy.  Lung  1990  (in  press). 

Welch:  It's  interesting  to  note  where 
the  growth  of  the  use  of  pulse  oximetry 
is  occurring.  My  perception  is  that  the 
majority  of  oximeters  in  use  today  are 
being  used  during  anesthesia  and  for 
anesthesia-related  purposes.  The  next 
most  popular  application  is  in  pediatric 
and  neonatal  units.  After  that  come 
recovery  rooms,  which  are  sort  of  an 
extension  of  the  anesthesia  application. 
Beyond  that,  it  becomes  a  sprinkling 
here  and  there  and  everywhere.  There 
are  applications  in  home  health  care — 
clearly,  applications  for  which  these 
devices  were  not  designed.  The  design 
criteria  on  many  of  these  devices  were 
driven  by  recognized  applications  in 
very  specific  climates,  and  the  use  of 
them  in  other  environments  should  be 
called  into  question. 
Pierson:  Well,  I  don't  work  in  the 
operating  room,  but  certainly  every 
home  care  company  that  I'm  familiar 
with  uses  pulse  oximeters. 
Durbin:  I'd  like  to  comment  about 
Dave's  (Pierson)  concerns.  The  same 
comments  about  accuracy,  con- 
sistency, and  variability  can  be  applied 
to  other  measurements  that  one  makes 
for  long-term  oxygen  therapy.  Blood 
gas  analyses  are  no  better.  We  have 
had  a  longer  experience  with  them,  per- 


haps; but,  in  fact,  they  have  the  same 
intrinsic  problems.  If  you  take  a  single 
sample  to  50  blood  gas  machines, 
results  vary  by  a  significant  amount 
among  the  machines.  Therefore,  the 
gold  standard  for  monitoring  long-term 
oxygen  therapy  by  Pq.  is  not  based 
on  technology  that  has  been  any  more 
validated  than  has  oximetry.  I'm  not 
advocating  oximetry.  I  think  we  just 
don't  know  what  its  place  is.  We 
haven't  developed  standards  for  the 
device  in  long-term  oxygen  therapy;  it's 
causing  a  lot  of  confusion  right  now, 
but  I'm  not  sure  that  we  know  the 
right  answer.  I  also  appreciate  the 
concern  for  the  difference  between 
monitoring  and  measurement,  and  I'd 
like  to  throw  in  not  just  the  diagnostic 
concerns  but  the  likelihood  of  a 
diagnosis.  If  you  monitor  an  ECG  in 
all  of  your  ICUs — and  I  daresay  every 
one  of  you  do — do  you  do  that  because 
you're  concerned  about  the  patient's 
cardiac  function?  No,  you're  worried 
about  him  having  cardiac  arrest — 
hypoxemia  or  hypoxia.  I  would 
contend  that  possible  hypoxia  is  the 
reason  we  monitor  ECGs  in  ICUs. 
When  an  ECG  changes,  that's  long 
after  the  fact.  Ventricular  fibrillation 
is  a  bad  way  to  diagnose  hypoxic 
cardiac  muscle;  so,  in  a  monitoring 
sense,  I  think  oximetry  probably  does 
offer  a  significant  step  forward  in 
detecting  hypoxemia  while  there's  still 
time  to  do  something  about  it.  There 
are  almost  no  other  monitors  that  we 
have  that  do  that.  Unfortunately,  it 
doesn't  tell  you  what  the  cause  of  the 
hypoxemia  might  be;  it  could  be  that 
a  cardiac  event  is  the  first  thing  that 
occurs,  or  it  could  be  a  disconnect  in 
your  ventilator,  or  it  could  be  a 
pulmonary  embolus.  As  a  monitoring 
tool  it's  useful,  and  it  tells  you  there's 
something  profoundly  wrong.  Or,  if  it's 
giving  you  a  'good'  reading,  you  feel 
comfortable.  It  doesn't  pinpoint  the 
problem  or  identify  where  it  came 
from,  but  it  tells  you  that  you're  either 
'okay'  or  you're  in  trouble.  Accuracy 
is   less    important — and    trending    is 


important.  A  change  over  time 
detected  by  monitoring  gives  you  an 
early  warning  of  when  things  might 
be  going  awry;  this  will  probably  lead 
to  more  diagnostic  studies  rather  than 
fewer.  Monitoring  may  be  more 
expensive  in  laboratory  costs  in  the 
long  run,  but  it  might  be  more  cost- 
effective  in  terms  of  saving  lives. 
Welch:  What's  also  interesting  to  note 
here  is  that — of  the  noninvasive 
monitors  today — the  pulse  oximeter 
has  the  least  probability  of  false- 
positive  or  false-negative  readings. 
Anybody  familiar  with  the  critical  care 
setting  knows  the  number  of  nuisance 
alarms  that  are  generated  from  elec- 
trocardiographs. You  don't  have  any- 
thing like  that  occurring  with  pulse 
oximetry. 

Krieger:  I'd  like  to  take  issue  with  that 
last  statement — an  extension  of  what 
Charlie  (Durbin)  said.  I  know  from 
talking  with  nurses  who  use  pulse 
oximetry  all  the  time  or  from  my  own 
experience  with  continuous  monitoring 
of  pulse  oximetry  in  nonanesthesized 
subjects — people  who  are  moving 
around — that  the  pulse  signal  is 
frequently  lost  without  the  subject 
being  hypotensive.  I  have  probably 
looked  at  500  such  printouts,  and  I 
believe  that  as  many  as  50%  will  have 
a  loss  of  pulse  detection  and  oxygen 
saturation  at  least  once  an  hour.  And, 
further,  when  the  pulse  disagrees  with 
either  the  palpable  pulse  or  the  ECG 
monitor,  we  don't  know  whether  the 
indicated  saturations  remain  accurate. 
I'd  like  to  play  devil's  advocate  a 
little  bit  with  the  ECG  monitor.  Charlie 
(Durbin)  asked  why  we  use  ECG 
monitors  on  everyone  in  the  ICU.  I 
think  part  of  that  has  to  do  with 
historical  perspective;  there's  a  lot  of 
literature  on  ECG  monitoring  from 
cardiac  intensive  care  units  back  in  the 
early  '70s,  and  everyone  started  to  use 
it. ' "  Now,  it's  the  community  standard. 
A  lot  of  my  patients  have  no  more 
probability  of  having  a  cardiac  arrhy- 
thmia than  some  other  malady  that  I'm 
not  monitoring  for.  The  reason  they 
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go  on  ECG  telemetry  monitors  in  the 
ICU  is  because  that's  "how  it's  done." 
It  has  never  been  questioned  as  closely 
as  we  are  questioning  when  to  use 
noninvasive  pulmonary  monitors.  The 
last  comment  I  want  to  make  is  related 
to  Dr  NiehofTs  data  on  the  cost- 
effectiveness  of  pulse  oximetry  in 
weaning  patients  from  mechanical 
ventilation  vs  using  arterial  blood  gas 
analysis.'  I  daresay  that  if  it  routinely 
took  6  to  10  blood  gas  analyses  over 
a  19-hour  period  for  a  patient  to  be 
weaned  in  my  ICU,  I'd  shoot  the 
Fellow  who  ordered  them. 

1.  Lee  TH,  Goldman  L.  The  coronary 
care  unit  turns  25:  Historical  trends 
and  future  directions.  Ann  Intern  Med 
1988;108:887-894. 

2.  Weinberg  SL.  Intermediate  coronary 
care.  Observations  on  the  validity  of 
the  concept.  Chest  1978:73:154-157. 

3.  NiehoffJ.DelGuercioCLaMorteW, 
et  al.  EfRcacy  of  pulse  oximetry  and 
capnometry  in  postoperative  ventila- 
tory weaning.  Grit  Care  Med  1988; 
16:701-705. 

Welch:  Niehoffs  study  came  from  a 
a  surgical  intensive  care  unit  using 
existing  standards  of  practice  deve- 
loped by  clinicians  practicing  in  that 
particular  unit.  What  they  demon- 
strated was  that  noninvasive  contin- 
uous monitors  could  reduce  the 
number  of  blood  gases  and  provide  an 
indicator  of  when  to  draw  a  blood  gas. 
Krieger:  We  do  the  weaning  in  the 
surgical  intensive  care  unit,  and  average 
only  2  ABGs  per  patient  per  day  by 
using  other  monitors  (respiratory 
inductive  plethysmographs,  oximeters, 
and  simple  observation).  Joseph 
Civetta  has  done  away  with  standing 
orders — which  helped  to  drop  the  daily 
per  patient  blood  gases  to  below  5.7 
inhisSICU.' 

1.  Civetta  JM,  Hudson-Civetta  JA. 
Maintaining  quality  care  while 
reducing  charges  in  the  ICU:  Ten 
ways.  Ann  Surg  1985;202:524-532. 

Welch:  I  appreciate  that  standards  of 
care  are  different  in  different  institu- 


tions. I  know  that  in  our  institution 
the  number  of  blood  gases  that  are 
drawn  in  cardiac  cases  is  embarrass- 
ingly high. 

Kacmarek:  Here,  here. 
Welch:  I'd  like  to  make  one  other 
comment  about  false  alarms.  I  believe 
it's  clear  that  when  the  oximeter  pulse 
rate  does  not  agree  with  other  pulse- 
rate  determinations,  then  one  cannot 
trust  the  pulse  oximeter  values.  The 
issue  of  false  alarms  with  pulse 
oximeters  is  an  issue  of  developing 
better  beat-detector  algorithms.  Given 
the  fact  that  pulse  oximetry  is  less  than 
a  decade  old,  the  performance  of  these 
algorithms  is  somewhat  remarkable.  If 
you  look  at  the  history  of  noninvasive 
blood  pressure  monitors,  and  even 
electrocardiographs  that  have  been 
developed  over  the  last  25  years,  the 
technology  has  advanced  significantly. 
I  have  every  reason  to  believe  that  the 
issues  of  shivering  and  ambulating 
patients  and  false  alarms  due  to  pulse 
artifact  is  a  problem  that  can  be  solved 
with  current  technology;  I  think  we 
will  continue  to  see  advances  over  time. 
Giordano:  Let's  revisit  the  home  care 
patient  and  monitoring  as  opposed  to 
assessment  and  diagnosis.  It's  certain 
that  HCFA  does  allow  for  documen- 
tation of  the  need  for  oxygen  through 
the  use  of  pulse  oximeters.  However, 
I've  seen  the  information  on  what  is 
being  used  when  physicians  are  given 
the  choice,  and  it's  overwhelmingly 
arterial  blood  gas  analysis.  But  then 
the  average  reimbursement  is  about 
$150-5175  per  blood  gas  as  opposed 
to  $35  for  a  pulse  oximeter  reading; 
so  that  may  have  something  to  do  with 
it.  But,  that  makes  it  all  the  more 
important  that  we  nail  this  down  once 
and  for  all.  If  pulse  oximetry  can 
substitute,  then  we  should  say  so — if 
not  as  the  initial  assessment,  the  initial 
documentation,  perhaps  then  as  the 
follow-up. 

The  other  part  of  my  comment  deals 
with  the  action  that  occurred  in  New 
Jersey.  Did  they  consider  the  home 
care   patient-s?   And,   you've  already 


quite  correctly  picked  up  on  the  fact 
that  the  pulse  oximeters  now  in  use 
are  not  designed  for  home  use;  and, 
I  would  assume,  are  not  designed  to 
be  used  by  untrained  personnel.  Yet, 
we  know  this  is  happening — pulse 
oximeters  are  being  used  in  the  home 
by  untrained  personnel,  and  the  use 
is  increasing.  We  get  anecdotal  reports 
that  pulse  oximeters  are  being  left  on 
patients  continuously  in  the  home  with 
untrained  family  caregivers  supporting 
them. 

Welch:  I  believe  the  New  Jersey  guide- 
lines or  standards  were  developed  for 
the  hospital  setting  only  and  will  affect 
their  reimbursement  formulas.  The 
entire  set  of  standards  will  be  published 
in  the  New  Jersey  Registry  in  the 
January  issue.' 

1.  Hospital  standards  for  respiratory 
therapy  services.  Subchapter  3 1 .  State 
of  New  Jersey:  State  Public  Register. 
January  1990. 

Kacmarek:  To  comment  on  Sam's 
(Giordano)  statement.  I  believe  that 
pulse  oximetry  is  used  in  the  home  care 
setting  in  two  different  ways — one 
reasonably  appropriately  and  the 
second  inappropriately.  And  I'd  have 
to  agree  with  him  100%  that  I  rarely 
see  a  patient — an  adult  never,  a  child 
occasionally — in  whom  there  is  a  need 
for  continuous  pulse  oximetry.  But  I 
also  believe  that  once  arterial  blood 
gas  analysis  has  established  the  need 
for  oxygen  therapy,  it's  very  approp- 
riate for  pulse  oximetry  to  be  utilized. 
Once  you've  established  the  O:  liter 
flow,  it  is  appropriate  for  home  care 
company  professional  staff  to  evaluate 
the  patient's  saturation  with  pulse 
oximetry  when  they  visit  to  use  a  spot 
check,  even  though  it  is  simply  a  spot 
check,  as  a  guide  to  the  identification 
of  problems  that  may  not  be  apparent 
from  other  observations.  I  think  there 
arc  a  number  of  issues  that  have  to 
be  looked  at  in  regard  to  the  use  of 
oximetry  in  the  home.  I  don't  think 
it's  totally  inappropriate;  1  just  get  very 
concerned  about  tht)se  companies  or 
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those  health  care  practitioners  who  are 
using  oximeters  continuously  in  the 
home. 

My  other  comment  relates  to  the 
extension  into  the  ICU  of  the  expe- 
rience that  has  occurred  in  the  O.R. 
The  biggest  thing  that  concerns  me  is 
that,  again,  we  have  a  monitor  that 
may  give  us  false  information  about 
changes  in  patient  status.  I  agree  that 
in  someone  who  is  paralyzed  or 
someone  who  is  sedated  and  on 
controlled  mechanical  ventilation — 
similar  to  the  circumstance  that  occurs 
in  the  O.R.  -pulse  oximetry  probably 
is  a  reasonable  thing.  At  least  an  argu- 
ment can  be  made  for  it.  The  concern 
that  I  have  is  for  the  patient  in  the 
unit  who  is  breathing  spontaneously 
and  is  able  to  maintam  an  adequate 
saturation  but  is  deteriorating  by  all 
of  the  other  clinical  signs.  The 
unchanging  saturation  is  viewed  as 
evidence  that  the  patient  is  okay.  And 
that,  unfortunately,  happens  all  the 
time.  I  see  it  day  after  day. 
Welch:  That  to  me  is  an  educational 
not  a  technologic  issue.  I  think  the 
clinician's  responsibility  is  to  as.sess 
patients,  given  the  tools  at  hand.  The 
oximeter  is  not  an  intelligent  device 
that  takes  a  measurement  precisely. 
The  issue  of  critical  care  vs  anesthesia 
also  is  one  that  you  and  I  have  debated. 
Bob  (Kacmarek),  and  I  struggle  with 
it  all  the  time.  I  recognize  that  the 
anesthesia  setting  or  the  operating 
room  setting  is  very  different  from  the 
critical  care  setting.  What  I  can't  sort 
out  in  my  own  mind — in  the  operating 
room  you  have  a  number  of  people 
observing  the  patient  constantly:  A 
surgeon  is  looking  into  the  surgical 
wound,  an  anesthesiologist  is  contin- 
ually assessing  the  patient.  I  realize 
they're  paralyzing  the  patient;  even  so, 
I  can  take  that  setting  and  say  "the 
highest  level  of  vigilance  of  a  clinical 
expert  community  is,  arguably,  the 
operating  room."  Yet,  anesthesiologists 
have  justified  the  application  of  this 
technology  based  on  critical  incidents 
that  they  have  thoroughly  studied.  In 


the  critical  care  area,  critical  incidents 
have  not  really  been  studied.  Currently, 
you  have  patients  not  only  in  critical 
care  but  leaving  critical  care  areas  for 
the  wards  with  oxygen  therapy  and 
mechanical  ventilation.  How  do  you 
sort  that  out?  I  don't  think  this  issue 
of  "the  O.R.  is  different"  is  a  rea.sonable 
platform  to  argue  against  technology. 
And,  second,  I  don't  think  the  educa- 
tional issue  ought  to  'throw  the  baby 
out  with  the  bath  water.'  I  think  that 
the  value  of  the  pulse  oximeter  and, 
to  an  extent  CO:  monitoring,  is  that 
when  nobody  else  is  around  and 
nobody  else  is  watching — which 
occurs  frequently  at  night,  holidays, 
weekends — that  there's  a  technology 
being  'Big  Brother'  saying  "Look,  given 
the  fact  that  there  could  be  false  alarms 
here  and  there,  there  is  still  somebody 
watching  the  patient  to  see  when  that 
patient  is  flying  below  the  trees."  And 
I  think  that's  the  real  issue  of  the  use 
of  this  technology. 

Kacmarek:  Okay,  we  can  take  that 
argument,  Jim  (Welch),  and  we  can 
extend  it  to  every  patient  we  admit 
into  the  hospital.  And  we  can  slap  an 
oximeter  on  every  patient  who  walks 
in  the  door  because  they're  not  going 
to  be  observed — people  have  cardiac 
arrests,  people  develop  obstructed 
airways,  all  kinds  of  things  happen  to 
sick  patients.  I  think  there  has  to  be 
a  reasonable  limit  to  the  application 
of  this  technology  on  a  routine, 
continuous  basis.  Practitioner  judg- 
ment should  come  into  play  to  make 
the  decision  that  valuable  information 
is  provided  by  that  technology.  Let's 
not  simply  add  to  the  tremendous 
quantity  of  data  presented  in  intensive 
care  units  that  nobody  pays  any 
attention  to  and,  more  importantly, 
that  can  distract  caregivers  from  paying 
attention  to  actual  patient  information 
and  clinical  evaluation  of  patient 
situations.  And  I  think  that's  the  key 
thing  it  is  distracting.  There  is  so 
much  going  on  in  intensive  care  units 
that  people  don't  see  patients  and  they 
don't  pay  attention  to  patients.  They 


simply  pay  attention  to  machines  and 
monitors;  and  I  think  it  creates  an 
unsafe  situation  in  many  more  cases 
than  a  safer  situation. 
Branson:  I  think  we  still  have  to  go 
back  to  the  first  thing  that  Dean  (Hess) 
said.  I  think  you  got  sidetracked  there 
and  started  talking  about  comparing 
monitor  to  monitor.  The  problem  is 
the  physiology  of  the  measurement;  in 
a  given  8-hour  period,  I  may  have  a 
patient  whose  pulse  oximeter  reads 
92%.  I  can  draw  four  blood  gases 
during  that  period;  the  Pq,  may  be 
as  low  as  54  or  55  torr,  and  it  may 
be  as  high  as  79  torr.  Now,  those  are 
significant  changes  when  you're  down 
on  that  part  of  the  oxyhemoglobin 
dissociation  curve.  But  with  the  pulse 
oximeter  even  if  it's  good,  ±  !''/<,  what 
good  is  that  information  except  for  a 
very  nonspecific  disaster  alarm?  It 
doesn't  give  me  any  clinically  useful 
information  except  that  things  appear 
to  be  okay.  They  might  be  and  they 
might  not  be.  Now,  when  you're  up 
at  1 00%,  you  probably  can  imagine  that 
the  Pq,  is  at  least  85  or  90;  but  I  don't 
feel  any  safety  in  seeing  that  it's  91 
or  92  or  93%.  I  really  don't  know,  and 
that  probably  does  cause  me  to  draw 
more  blood  gases. 

Mathews:  You  know,  another  item 
that  comes  to  mind  is  the  next  step 
in  this  evolutionary  chain  we've  been 
going  through.  I  know  that  some 
manufacturers  are  thinking  of  incor- 
porating these  instruments  that  we've 
been  talking  about  into  mechanical 
ventilators  in  active  positive-feedback 
loops  to  change  the  settings  on  the 
machines,  change  the  variables  on  the 
machines  on  the  basis  of  the  monitor 
signals  that  we're  talking  about.  That's 
really  frightening  to  me — not  just 
because  I'd  like  to  be  able  to  do  what 
I  want  to  do  with  the  machine,  rather 
than  what  the  instruments  want  to  do. 
The  technology  is  there  now.' "  Some 
of  the  major  ventilator  manufacturers, 
with  the  logic  they  have  onboard,  could 
do  this  very  easily.  1  believe  that's  the 
next  item  on  the  agenda  for  them,  and 
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a  lasting  effect.  The  short-term  con- 
sequences of  respiratory  syncytial  virus 
(RSV)  infection  can  include  nosocomial 
spread,  mechanical  ventilation,  extended 
hospitalization— even  death— and  can 
threaten  all  hospitalized  children  under 
4  years  old.  Respiratory  viral  infections  may 
have  a  long-term  effect  on  the  respiratory 
tree  in  some  patients,  such  as  development 
of  bronchopulmonary  disease.' 

Help  reduce  the  toll  taken  by 

RSV  In  clinical  experience  with  over 
50,000  patients,  treatment  of  appropriate 
patients  with  Virazole*  (ribavirin)  Aerosol 
improved  disease  symptoms  safely,  speeding 
recovery-'^  while  significantly  reducing  viral 
shedding.-'^  Virazole  may  reduce  the  need 
for  supplemental  oxygen  and  mechanical 
ventilation."  And  Virazole  has  been  shown 
to  prevent  development  of  RSVspecific  IgE 
responses,^^  which  may  correlate  with  the 
release  of  histamine  and  clinical  expression 
of  obstructive  reactive  airway  disease.' 
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Virazole" 

'  (ribavirin) 

lyophilized  for  aerosol  administration 


Please  see  following  page  for  full  prescribing  information. 


Serious  enough 

to  hospitalize, 

serious  enough 

to  consider 

Virazole^ 

(ribavirin) 

lyophilized  for  aerosol  adniinistration 

PRESCRIBING  INFORMATION 


WARNING:  RIBAVIRIN  AEROSOL  SHOULD 
NOT  BE  USED  FOR  INFANTS  REQUIRING 
ASSISTED  VENTILATION  BECAUSE  PRECIPI- 
TATION OF  THE  DRUG  IN  THE  RESPIRATORr 
EQUIPMENT  MAY  INTERFERE  WITH  SAFE 
AND  EFFECTIVE  VENTILATION  OF  THE 
PATIENT,  Condilions  lor  sale  use  wild  a  wnWalor 
are  still  in  development 

Delerioralion  ol  respiralory  lunction  has  been 
associated  witti  riDavinn  use  in  inlanls.  and  in  adults 
with  ctironic  obstrucliw  lung  disease  or  asltima 
Respiratory  lunction  should  he  carefully  monitored 
during  treatment  tl  jnilialion  ol  ribavirin  aerosol 
treatment  appears  lo  produce  sudden  delerioratron 
ol  respiratory  lunction,  lieatment  should  be  stopped 
and  reinstituted  only  wilh  extreme  caution  and 
continuous  monitoring 

Although  ribavirin  is  not  indicated  m  adults,  the 
physician  should  be  aware  that  it  is  teratogenic  in 
animals  (see  CONTRAINDICATIONS) 


DESCRIPTION: 

Vira2ole '  (ribavirin)  Aerosol,  an  antiviral  drug,  is  a  sle 
rile,  lyophihzed  povider  to  be  reconstituted  tor  aerosol 
administration  Each  100  ml  glass  vial  contains  6  grams 
ot  nbavirin,  and  when  reconstituted  to  the  recommended 
volume  ot  300  ml  with  sterile  water  lor  miection  or  sterile 
water  lor  inhalation  (no  preservatives  added),  will  conlain 
20  mg/ml  ribavirin.  pH  approximately  55  Aerosolization 
IS  lo  be  carried  oul  in  a  SPAG-Z  nebulaer  only 

Ribavirin  is  Ibeta D-riboturanosyM.2,4 tria20le-3-car 
boxamide,  with  the  lollowing  structural  lormula 


Ribavirin,  a  synthetic  nucleoside  is 
a  stable,  white,  cri^taltine  compound 
\  with  a  maximum  solubility  in  water  ol 
-'  M2  mg/ml  al  25°C  and  with  only  a 
slight  solubility  in  elhanol  The  empi 
rical  lormula  is  C.H,;N«Os  and  the 
molecular  weight  is  2442  Daltons 


CLINICAL  PHARMACOLOGY: 
Antiviral  ellects: 

Ribavirin  has  antiviral  inhibitory  activity  m  viiro  against 
respiialory  syncytial  vims,'  intluenza  virus,  and  herpes  sim- 
plex virus  Ribavirin  is  also  active  against  respiratory  syn- 
cytial virus  (RSV)  m  experimenlally  miected  cotton  rats  •' 
In  cell  cultures,  the  inhibitory  activity  ol  ribavirin  lor  RSV 
IS  selective  The  mechanism  ol  action  is  unknown  Reversal 
ol  the  m  viiro  aniiviral  aclivity  by  guanosine  or  xanlhosine 
suggests  ribavirin  may  act  as  an  analogue  ol  these  cellular 
metabolites 
Immunologic  etlects: 

Neulralizing  antibody  responses  lo  RSV  me  decreased 
in  ribavirin  treated  compared  to  placebo  treated  infants ' 
The  clinical  signilicance  of  this  obseralion  is  unknown  In 
rats,  ribavirin  resulled  m  lymphoid  atrophy  ol  thymus, 
spleen,  and  lymph  nodes  Humoral  immunity  was  reduced 
in  guinea  pigs  and  ferrets  Cellular  immunity  was  also 
mildly  depressed  in  animal  studies 
Microbiology: 

Several  clinical  isolates  ol  RSV  were  evaluated  lor 
ribavirin  susceptibility  by  plaque  reduction  in  tissue  culture 
Plaques  were  reduced  85-98%  by  16  figlml,  however 
plaque  reduction  varies  with  Ihe  test  system  The  cimicai 
signilicance  ol  these  data  is  unknown 
Pharmacoklnellcs: 

Assay  lor  ribavirin  in  human  malerials  is  by  a  radio 
immunoassay  which  detects  ribavinn  and  at  least  one 
melabofile 

Ribavirin  administrered  by  aerosol  is  absorbed 
syslemically  four  pediatric  patients  inhaling  ribavirin 
aerosol  administered  by  face  mask  lor  25  hours  each  day 
lor  3  days  had  plasma  concentrations  ranging  Irom  044 
lo  1 55  (iM,  with  a  mean  concentration  ol  0  76  jiM  The 
plasma  half-life  was  reported  to  be  95  hours  Three 
pediatric  patients  inhaling  nbavirin  aerosol  administered 
by  lace  mask  01  mist  lent  lor  20  hours  each  day  lor  5  days 
had  plasma  concentrations  ranging  from  1iloM3;iM, 
withameanconcentrationol68/jM 

It  IS  likely  Ibal  the  concentration  of  ribavirin  in  respiratory 
tract  secrelions  is  much  higher  than  plasma  concen 


Iraltons  in  view  ol  Ihe  route  of  administration 

The  bioavailability  ol  ribavirin  aerosol  is  unknown  and 
may  depend  on  the  mode  of  aerosol  delivery  After  aerosol 
treatmeni,  peak  plasma  concentrations  are  less  than  Ihe 
concentration  thai  reduced  RSV  plaque  formation  in  tissue 
culture  by  85  lo  98%  Alter  aerosol  treatmeni,  respiratory 
trad  secretions  are  likely  to  contain  ribavirin  in  concen- 
trations many  fold  higher  than  those  required  to  reduce 
plaque  lormalion  However  RSV  is  an  intracellular  virus 
and  serum  concenlrations  may  better  relied  intracellular 
concentrations  in  the  respiratory  tract  than  respiratory 
secretion  concentrations 

In  man,  rats,  and  rhesus  monkeys,  accumulation  ol 
nbavirin  and/or  metabolites  in  the  red  blood  cells  has  been 
noted  plaleauing  in  red  cells  in  man  in  about  4  days  and 
gradually  declining  with  an  apparent  hall-life  ol  40  days 
The  extent  of  accumulation  ol  ribavinn  lollowing  inhalation 
therapy  is  not  well  defined 

INDICATIONS  AND  USAGE: 

Ribavinn  aerosol  is  indicated  in  Ihe  treatment  ol  carefully 
selected  hospitalized  mlants  and  young  children  with 
seveie  lower  respiratory  trad  infections  due  lo  respiratory 
syncytial  virus  (RSV)  In  two  placebo  controlled  trials  in 
infants  hospitalized  with  RSV  lower  respiratory  Iract 
infection,  nbavinn  aerosol  treatmeni  had  a  therapeutic 
effect,  as  ludged  by  the  reduction  by  IrealmenI  day  3  ol 
severity  ol  clinical  manifestations  ot  disease"  Virus  liters 
in  respiratory  secretions  were  also  significantly  reduced 
wilh  ribavirin  in  one  ol  these  studies " 

Only  severe  RSV  lower  respiratory  trad  infection  is  lo  be 
treated  with  ribavirin  aerosol  The  vast  maiority  ol  mlants 
and  children  with  RSV  inleclion  have  no  lower  respiratory 
Iract  disease  or  have  disease  that  is  mild,  sell-limiled.  and 
does  not  require  hosprtateanon  or  antiviral  treatment  Many 
children  with  mild  lower  respiratory  trad  involvement  will 
require  shorter  hospitalBalion  than  would  be  required  tor 
a  full  course  of  ribavinn  aerosol  (3  to  7  days)  and  should 
not  be  treated  with  Ihe  drug  Thus  the  decision  to  treat  wilh 
ribavirin  aerosol  should  be  based  bn  the  seventy  ol  the  RSV 
mteclion 

The  presence  ol  an  underlying  condition  such  as  pre- 
malunly  or  cardiopulmonary  disease  may  increase  Ihe 
severity  ol  the  infection  and  its  risk  lo  the  patient  High  risk 
mlants  and  young  children  with  these  underlying  condi- 
tions may  benefit  from  nbavinn  treatmeni.  although  efficacy 
has  been  evaluated  in  only  a  small  number  ol  such 
patients 

Ribavirin  aerosol  treatmeni  must  be  accompanied  by 
and  dnes  not  replace  standard  supportive  respiratory  and 
lluid  management  lor  mlants  and  children  with  severe 
respiratory  tract  infeclion 
Diagnosis; 

RSV  infection  should  be  documented  by  a  rapid 
diagnostic  method  such  as  demonstration  ol  viral  antigen 
in  respiratory  trad  secretions  by  immunofluorescence'' 
or  ELISA*  betoie  or  during  the  lirst  24  hours  of  treatment 
Ribavirin  aerosol  is  indicated  only  tor  lowr  respiratory  Iract 
infection  due  to  RSV  Treatmeni  may  be  iniliafed  while 
awailing  rapid  diagnnshc  test  results  However  treatment 
should  not  be  continued  without  documentation  ol  RSV 
infection 

CONTRAINDICATIONS: 

Ribavinn  is  contraindicateif  in  women  ot  girls  who  are 
or  may  become  pregnant  during  exposure  to  the  drug 
Ribavirin  may  cause  fetal  harm  and  raspiratory  syncytial 
virus  inlechon  is  sell  limited  in  this  pdpulalion  Ribavirin 
IS  not  completely  cleared  from  human  blood  even  lour 
weeks  alter  administration  Atlhough  there  are  no  pertinent 
human  data,  ribavirin  has  been  tound  to  be  teratogenic 
and/or  embryolethal  in  nearly  all  species  in  which  it  has 
been  tested  Teratogenicity  was  evident  alter  a  single  oral 
dose  ol  25  mg/kg  in  Ihe  hamster  and  after  daily  oral  doses 
of  10  mg/kg  in  Ihe  rat  liflalformafions  of  skull,  palate,  eye, 
law  skeleton,  and  gastrointestinal  Iract  were  noted  in 
animal  studies  Survival  ol  fetuses  and  olfspimg  was 
reduced  The  drug  causes  embryolelhalily  in  Ihe  rabbit  at 
daily  oral  dose  levels  as  low  as  1  mg/kg 
WARNINGS: 

Ribavirin  adminrsleted  by  aerosol  produced  cardiac 
lesions  in  mice  and  rats  alter  30  and  36  mg/kg,  respediwly 
tor  4  weeks,  and  alter  oral  adminislralion  m  monkeys  at  120 
and  rats  at  154  to  200  mg/kg  tor  I  to  6  months  Ribavirin 
aerbsol  administered  to  developing  ferrets  at  60  mg/kg  for 
10  or  30  days  resulted  in  inllammalory  and  possible 
emphysematous  changes  in  Ihe  lungs  Proliferative 
changes  were  seen  at  131  mg/kg  lor  30  days  The  signifi 
cance  of  these  findings  to  human  administration  is 
unknown 

Ribavirin  lyophilrad  in  6  gram  vials  is  intended  tor  use 
as  an  aerosol  onlv 


PRECAUTIONS: 
General: 

Patients  with  lower  respiratory  tract  inlectron  due  to 
respiratory  syncylal  virus  require  optimum  monitoring  and 
allention  lo  respiratory  and  lluid  status 
Drug  Interactions: 

Interactions  ol  ribavirin  with  other  drugs  such  as  digoxin, 
bronchodilators.  other  antiviral  agents,  antibmlics,  or  anti 
metabolites  has  not  been  evaluated  Interference  by 


ribavirin  wilh  laboratory  tests  has  not  been  evaluated 
Carcinogenesis,  mutagenesis,  impairment  ol 
fertility: 

Ribavirin  induces  cell  Iransloimation  in  an  in  niro  mam 
malian  system  (Balb/C3T3  cell  line)  Honeier  m  mo  carcin- 
ogenicity studies  are  incomplete  Results  thus  lar  though 
inconclusive,  suggest  Ihal  chronic  feeding  ol  ribavirin  to 
rats  at  dose  iMis  in  the  range  ol  16-60  mg/kg  body  weighl 
can  induce  benign  mammary,  pancreatic,  pituitary  and 
adrenal  tumors 

Ribavirin  is  mutagenic  to  mammalian  (L5178V)  cells  m 
culture  Results  of  microbial  mutagenicity  assays  and  a 
dommant  lethal  assay  (mouse)  were  negahve 

Ribavirin  causes  testicular  lesions  (tubular  atrophy)  in 
adult  rats  at  oral  dose  levels  as  low  as  16  mg/kg/day  (lower 
doses  not  tested),  but  fertility  ot  ribavirm-lreated  animals 
(male  or  female)  has  not  been  adequately  investigated 
Pregnancy: 

Teratogenic  Effects  Pregnancy  Category  X  See  "Con 
traindicalions"  section 

Nursing  Mothers  Use  ol  ribavirin  aerosol  in  nursing 
mothers  is  not  indicated  because  RSV  infection  is  sell 
limited  in  this  population  Ribavinn  is  toxic  to  laclaling 
animals  and  their  offspring  It  is  nol  known  whelher  Ihe 
drug  IS  excreted  in  human  milk 
ADVERSE  REAaiONS: 

Approximately  200  patients  have  been  treated  with 
ribavirin  aerosol  in  controlled  or  uncontrolled  clinical 
studies 

Pulmonary  lunchon  significantly  deteriorated  during 
ribavirin  aerosol  treatment  in  six  ol  six  adults  with  chronic 
obstructive  lung  disease  and  in  lour  ol  six  asthmatic  adults 
Dyspnea  and  chest  soreness  were  also  reported  in  Ihe 
latter  group  Minor  abnormalities  in  pulmonary  lundion 
were  also  seen  in  healthy  adult  volunteers 

Several  serious  adverse  events  occurred  in  severely  ill 
mlants  with  life-threatenmg  underlying  diseases,  many  ol 
whom  required  assisted  ventilation  The  role  of  nbavinn 
aerosol  in  these  events  is  indeterminate  The  tollowing 
events  were  associated  with  nbavinn  use 
Pulmonary  Worsening  of  respiratory  status  bacterial 
pneumonia,  pneumothorax,  apnea,  and  venhlator 
dependence 

Cardiovascular  Cardiac  arrest,  hypotension,  and  digitalis 
toxicity 

There  were  7  deaths  during  or  shortly  alter  treatment 
with  nbavinn  aerosol  No  death  was  attributed  to  nbavinn 
aerosol  by  Ihe  invesbgalors 

Some  subiects  requiring  assisted  ventilation  have 
experienced  serious  difficulties  which  may  leopardize  ade 
quate  ventilation  and  gas  exchange  Precipitation  of  drug 
withm  Ihe  ventilatory  apparatus  including  Ihe  endotracheal 
tube  has  resulted  in  increased  positive  end  expiratory 
pressure  and  increased  positive  inspiratory  pressure 
Accumulation  ol  fluid  in  tubing  ("ram  nut")  has  alsn  been 
noted 

Although  anemia  has  not  been  reported  with  use  of  the 
aerosol,  it  occurs  frequently  with  oral  and  intravenous 
ribavirin,  and  most  mlants  treated  with  Ihe  aerosol  have 
not  been  evaluated  1  to  2  weeks  post  treatment  when 
anemia  is  likely  to  occur  Renculocytosis  has  been  reported 
with  aerosol  use 

Rash  and  coniunctivilis  have  been  associated  with  Ihe 
use  ol  ribavirin  aerosol 
Overdosage: 

No  overdosage  with  ribavirin  by  aerosol  administration 
has  been  reported  in  the  human  The  LD»  in  mice  is 

2  gm  orally  Hypoactivity  and  gastrointestinal  symptoms 
occurred  In  man.  nbavinn  is  sequestered  in  red  blood  cells 
lor  weeks  alter  dosing 

DOSAGE  AND  ADMINISTRATION 

Belore  use  read  thoroughly  Ihe  Viratek  Small  Particle 
Aerosol  Generator  (SPAG)  Model  SPAG-2  Operator's 
Manual  lor  small  particle  aerosol  generator  operating 
mslructions 

Treatment  was  effective  when  instituted  within  the  first 

3  days  ol  respiratory  syncytial  virus  lower  respiratory  tract 
mledion  '  Treatment  early  in  Ihe  course  ot  seyere  tower 
respiratory  tract  inteclmn  may  be  necessary  to  achieve 
efficacy 

Treatment  is  carried  out  tor  12-18  hours  per  day  tor  at 
least  3  and  no  more  than  7  days,  and  IS  part  ol  a  total  treat- 
ment program  The  aerasol  is  delivered  to  an  inlani  oxygen 
hood  Irom  the  SPAG  2  aerosol  generator  Administration 
by  lace  mask  or  oxygen  tent  may  be  necessary  it  a  hood 
cannot  be  employed  (see  SPAG-2  manual)  However  Ihe 
volume  ol  distribution  and  condensation  area  are  larger 
in  a  lenl  and  efficacy  ol  this  method  of  administenng  the 
drug  has  been  evaluated  in  only  a  small  number  ol  patients 
Ribavirin  aerosol  is  not  to  be  administered  with  any  other 
aerosol  generating  device  or  together  with  other 
aerosolized  medications  Ribavinn  aerosol  should  nol  be 
used  lor  patients  requiring  simultaneous  assisted 
ventilation  (see  Boxed  Warnings) 

Virazole  is  supplied  as  6  grams  ol  lyophilized  drug  per 
too  ml  vial  tor  aerasol  administration  only  By  sterile 
technique  solubilize  drug  with  sterile  USP  water  tor  miec 
lion  or  inhalation  in  Ihe  100  ml  vial  Transler  to  the  clean, 
sterilized  500  ml  widemouth  Erienmeyer  llask  (SPAG  2 
Resenroir)  and  lurthei  dilute  to  a  linal  volume  ol  300  ml 


with  sterile  USP  water  tor  injection  or  inhalation  The  final 
concentration  shouM  be  20  mg/ml  Important:  This  water 
shouM  nol  have  had  any  antimicrobial  agent  or  other  sub- 
stance added  The  solution  should  be  inspected  visually 
tor  particulate  matter  and  discotoratjon  prior  to  administra 
lion  Solutions  that  have  been  placed  in  the  SPAG-2  unit 
ShouM  be  discarded  at  least  every  24  hours  and  when  the 
liquid  level  is  low  before  adding  newly  recnnstituted 
solution 

Usmg  the  recommended  drug  concentration  ol 
20  mg/ml  nbavinn  as  the  starting  sniution  m  the  drug 
reservoir  ol  the  SPAG  unit,  ihe  average  aerosol 
concentration  tor  a  12  hour  period  would  be  190  micro- 
grams)liter(0t9mg/l)otair 

HOW  SUPPLIED: 

Virazole'  (ribavirin)  Aerasol  is  supplied  in  100  ml  glass 
vials  with  6  grams  ot  sterile  lyophilized  drug  which  is  to 
be  reconstituted  with  300  ml  sterife  water  tor  miedion  or 
sterile  water  tor  inhalation  (no  preservatives  added)  and 
administered  only  by  a  small  particte  aerosol  generator 
(SPAG  2)  Vials  containing  the  lyophilized  drug  powder 
should  be  stored  m  a  dry  place  at  15-25°C  (59-78°f^ 
Reconstituted  solutions  may  be  stored,  under  stenfe 
condrlmns  at  room  temperature  (20  30°C.  eSWF)  lor  24 
hours  Solutions  which  have  been  placed  m  the  SPAG-2 
unit  should  be  discarded  at  leasl  every  24  hours 
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WELCH  DISCUSSION 


I  think  this  group  ought  to  issue  some 
warnings  that  we  should  not  do  that 
until  we  have  a  very  good  handle  on 
these  monitors. 

1.  Rit/  R.  Patient  care  goes  on  line.  RT 
1989;2(4);28-3I. 

2.  Petty   T.    Is   it   lime   for  a   smart 
ventilator?  RT  1990;2(6);I1. 

Welch:  The  whole  application  of 
closed-loop  feedback  control  has  been 
studied  extensively  with  infusion 
pumps.  The  first  FDA  approval  for  a 
closed-loop  mechanism  was  awarded, 
I  believe,  to  IVAC.  That  technology 
was  10  years  in  the  development,  and 
there  are  some  fundamental  flaws 
within  it,  which  have  been  pointed  out 
by  the  company  in  their  application. 
Taking  the  clinician  out  of  the  loop 
in  the  feedback  control  process  is,  in 
my  opinion  as  an  engineer,  a  mistake — 
because  until  you  develop  a  reasonably 
comprehensive  database  from  which  to 
test  these  algorithms,  you're  really 
taking  a  'shot  in  the  dark." 

Mathews:  But  the  economic  fact  is  that 
hospitals  are  going  to  want  to  do  this, 
especially  with  the  decreased  availa- 
bility of  skilled  practitioners.  It's  a 
really  good  way  to  save  a  lot  of  money 
on  payroll.  It's  a  factor  we  must  keep 
in  our  minds.  We  just  can't  ignore  it. 
It  will  happen  if  we  don't  say  slow 
down. 

Marini:  Dave  (Pierson)  and  I  have 
discussed  a  couple  of  times  that  as 
smart  as  we  think  we  are,  we're  not 
sure  any  of  us  knows  what  is  a 
dangerous  Pq-  to  run.  In  a  patient  with 
ARDS,  for  example,  it  might  be  much 
more  dangerous  to  maintain  that 
patient  with  an  F|o,  0.7  and  a  PEEP 
of  1 5  cm  of  H:0  to  keep  that  saturation 
at  85-90^?  than  it  would  be  to  u.se  lower 
F|o,  and  PEEP,  letting  the  patient  run 
at  75'/?  saturation.  And,  in  fact,  I've 
had  some  patients — young  patients 
with  healthy  hearts,  adequate  hemo- 
globin, and  good  compensatory  mech- 
anisms— that  I  try  to  keep  at  a  lower 


Fio,,  lower  PEEP,  and  a  saturation 
that  is  closer  to  75-m/r.  We  don't 
know  how  a  healthy  person  adapts 
long-term  to  hypoxemia  and  hyper- 
capnia  in  the  critical  illness  situation, 
especially  against  the  background  of 
the  multiple  diseases  that  complicate 
it. 

Welch:  It's  interesting  to  note  that  in 
Severinghaus's  article  in  which  he 
reported  pulse  oximeter  accuracy  in  the 
40-70%  range',  he  was  maintaining  his 
subjects — his  healthy  subjects — at 
these  hypoxic  levels  of  407r  for  2  min- 
utes and  longer  without  any  untoward 
effects  in  terms  of  arrythmias.  So,  I 
would  agree:  but  what  I  would  ask 
him  in  turn  is  whether,  given  that 
clinical  condition,  he  finds  a  contin- 
uous measurement  display  of  oxygen 
saturation  a  benefit  in  the  management 
of  the  care  of  that  patient?  And  that's, 
I  think,  what  the  benefit  of  pulse 
oximetry  is. 

1.  Severinghaus  JW,  Naifeh  KH.  Accu- 
racy of  response  of  six  pulse  oximeters 
to  profound  hypoxia.  Anesthesiology 
1987;67:551-558. 

Marini:  Jim  (Welch),  I  agree  entirely, 
but  it's  up  to  the  clinician  to  decide 
what  they  want  to  maintain.  I  think 
the  availability  of  the  instrument  is  not 
something  that  I  want  to  reject:  I  think 
oximeters  are  generally  quite  helpful 
if  you  know  what  you're  using  them 
for,  what  their  accuracy  is,  and  what 
saturation  range  you  want  to  maintain. 
But  I  would  also  agree  with  those  who 
would  say,  "Let's  not  get  carried  away 
with  this.  Let's  not  apply  it  to  every 
case,  every  patient." 

East:  You  mentioned  the  reflectance 
pulse  oximeters  that  are  coming  on  the 
market.  Are  they  any  better  or  worse? 
Or  just  a  new  widget? 

Welch:  The  principle  of  the  reflectance 
pulse  oximeter  is  that  rather  than  shine 
a  light  across  a  vascular  bed  you 
bounce  it  against  a  vascular  bed  and 
measure  the  reflectance.  Two  instru- 


ments are  available  on  the  market 
today-  one  from  Corning  and  one 
from  Cymed.  The  problem  with 
reflectance  is  that  the  signal  strength 
is  almost  an  order  of  magnitude  lower; 
therefore,  the  problems  with  pulse 
sensations  are  compounded  because 
you're  dealing  with  such  small  signal 
strength.  We've  examined  the  instru- 
ment under  some  very  special  circum- 
stances and  have  found  that  the 
problems  far  outweigh  the  benefits  of 
being  able  to  put  it  on  a  different 
vascular  site. 

East:  So  you  don't  think  it's  going  to 
reduce  measurement  error  by  using  a 
potentially  better  vascular  site? 
Welch:  No,  I  don't.  What  I  see  happen- 
ing in  pulse  oximetry  is  that  we  now 
have   28   manufacturers,   and   that 
number  will  probably  double  in  1990 
when  the  major  monitor  manufacturers 
incorporate  pulse  oximetry  into  their 
bedside  monitoring — which  is  happen- 
ing. One  of  the  benefits  we'll  see  is 
that  this  issue  of  false  alarms  will  have 
another   handle   on   it.   The   pulse 
oximeter  can  go  to  the  ECG  monitor 
and  say,  "Did  you  see  a  pulse,  I  didn't." 
Or,  "I  saw  two  pulses,  how  many  did 
you  see?"  As  for  false  alarms  related 
to  motion  artifact — here  is  another  way 
of  looking  at  that  signal  and  saying, 
"Well,   wait   a   minute,   the   pulse 
oximeter  isn't  doing  very  well."  In  fact, 
noninvasive  devices   that   use   cuff 
inflation  could  actually  turn  a  pulse 
oximeter  off  when  they  are  trying  to 
make  a  measurement. 
Barnes:  I'm  concerned  about  Bob's 
(Kacmarek)  comment  about  the  pulse 
oximeter's   replacing   transcutaneous 
devices  in  neonatal  units  (see  Page 
581).  I  think  it's  a  matter  of  education. 
Nurses  are  looking  at  oximeters  and 
seeing  957t  saturation  and  not  appre- 
ciating the  variance.  There  could  be 
an  oxygen  toxicity  response  going  on 
that  they're  overlooking.  There  could 
be  errors  of  omission  created  by  a  false 
sense  of  security.  I  think  that's  another 
issue  that  we  need  to  deal  with  at  some 
point. 
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Calendar 
of  Events 


Not-for-profit  organizations  are  offered  a  free  advertisement  of  up  to  eight  lines  to  appear,  on  a  space  available 
basis,  in  Calendar  of  Events  in  Respiratory  Care.  Ads  for  other  meetings  are  priced  at  $5.50  per  line 
and  require  an  insertion  order.  Deadline  is  the  20th  of  month  two  months  preceding  the  month  you  wish 
the  ad  to  run.  Submit  copy  and  insertion  orders  to:  Calendar  of  Events,  Respiratory  Care,  11030  Abies 
Lane,  Dallas  TX  75229. 


AARC  &  AFFILIATES 

June  13-15  in  Roundtop,  New  York.  The  New 

York  and  New  Jersey  Societies  for  Respiratory  Care 
host  the  2nd  Annual  Managers  and  Educators 
Conference  at  the  Winter  Clove  Inn.  Contact  Patty 
Bowe  (518)  270-7454  or  Ken  Wyka  (201)  456- 
5503. 

July  13-15  in  Naples,  Florida.  The  AARC  presents 
its  annual  Summer  Forum  program  at  the  Registry 
Resort.  Education  and  management  topics  are 
featured.  Contact  the  AARC  Conventions  Depart- 
ment at  (214)  243-2272. 

July  25-27  in  Albuquerque,  New  Mexico.  The  New 
Mexico  Society  for  Respiratory  Care  presents  its 
Annual  Convention  and  Exhibition  1990  and  3rd 
annual  golf  tournament  at  the  Holiday  Inn  Pyramid. 


You  Can  Earn 

CRCE  Credit 

by  Participating  in 

CRCE 
through  the  Journal 

Enrollment  Information 

and  Questions 

Will  Appear  in  the 

July  issue  of 
RESPIRATORY  CARE 


Contact  David  Southward  RRT  at  (505)  841-1580; 
or  NMSRC,  PO  Box  35417,  Station  D,  Albuquerque 
NM  87176-5417. 

July  30-31  in  Reno,  Nevada.  The  Nevada  Society 
for  Respiratory  Care  presents  its  4th  Annual 
Symposium  at  the  Flamingo  Hilton.  Contact  Kathy 
Green  RRT,  PO  Box  2168,  Carson  City  NV  89702. 
(702)  882-1361,  ext 258. 

September  19-21  in  St  Cloud,  Minnesota.  The 

Minnesota  Society  for  Respiratory  Care  presents  its 
21st  Annual  Educational  Meeting.  Topics  include 
current  and  future  respiratory  care  practice.  Contact 
Carolyn  Chaon,  University  of  Minnesota  Hospitals 
&  Clinic,  Cardio-Respiratory  Services,  Harvard  Street 
at  East  River  Rd,  Box  247,  Minneapolis  MN  55455; 
or  phone  (612)  625-3976  (8  am-4:30  pm  CST). 

September  19-22  in  Guatemala  City,  Guatemala. 

The  Central  American  Association  for  Respiratory 
Care  presents  its  2nd  Congress  on  Respiratory  Care 
at  the  El  Dorado  Hotel  in  Guatemala.  Contact  Susan 
P  Pilbeam,  Respiratory  Care,  Greenville  Technical 
College,  PO  Box  5616,  Greenville  SC  29606-5616. 
(803)  250-8000,  ext  8308. 

October  6  in  Long  Beach,  California.  The  American 
Lung  Association  of  Long  Beach  and  the  California 
Society  of  Respiratory  Care  Chapter  IV  present  the 
Respiratory  Care  Workshop  XVI  at  the  Long  Beach 
Airport  Holiday  Inn.  Contact  Nan  Evans,  American 
Lung  Association  of  Long  Beach,  1002  Pacific  Ave, 
Long  Beach  CA  90813-3098.  (213)  436-9873. 

OTHER  MEETINGS 

September  9-16  in  8-Day/7-Night  Caribbean 
Cruise.  "Cruise  for  Pulmonary  Home-Care  Patients" 
and  6-hour  workshop  on  "JCAHO  Standards/ 
Surveys  for  Home-Care  Agencies"  with  James 
Maguire  PhD  RCP,  surveyor/field  representative  for 
the  Joint  Commission.  Visit  Montego  Bay,  Grand 
Cayman,  Playa  del  Carmen,  and  Cozumel.  Low  group 
rates  and  fly/sail  packages.  Deadline  for  payment 
is  July  27.  Early  registration  recommended  because 
of  limited  space.  Contact  Dave  Robbins  at  (305)  441- 
6819,  or  Travelnet  Inc  at  (800)  426-6045. 
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Notices  of  competitions,  scholarships,  fellowships,  examination  dates,  new  education  programs,  and  the  like  will 
be  listed  here  free  of  charge.  Items  for  ihc  Notices  section  must  reach  the  Journal  60  days  before  the  desired 
month  of  publication  (January  I  for  the  March  issue,  February  I  for  the  April  issue,  etc).  Include  all  pertinent 
information  and  mail  notice  to  Respir.atory  Care  Notices  Dept,  1 1030  Abies  Lane,  Dallas  TX  75229. 


Notices 


ARCF  Literary  Award 

•  The  American  Respiratory  Care  Foundation  announces  a  $1000  Literary  Award — funded  by  Radiometer  America  Inc — for  the 
best  case  report  published  in  Respiratory  Care  from  October  1989-December  1990.  The  winner  will  be  announced  on  December  8, 
1990,  at  the  AARC  Annual  Meeting,  and  in  the  January  1991  issue  of  Respiratory  Care.  All  case  reports  will  be  considered 
for  the  award,  and  no  application  is  necessary. 

AARC  SUMMER  FORUM 

The  Registry  Resort.  Naples.  Florida,  July  13-15,  1990 
The  Westin,  Vail,  Colorado,  July  1 1-13,  1991 

AARC  ANNUAL  CONVENTION  SITES  &  DATES 


1990 — New  Orleans,  Louisiana,  December  8-1 1 
1991 — Atlanta,  Georgia,  December  7-10 
1992 — San  Antonio,  Texas,  December  12-15 


1993 — Nashville,  Tennessee,  December  11-14 
1994 — Las  Vegas,  Nevada,  December  12-15 
1 995 — Orlando,  Florida,  December  2-5 


THE  NATIONAL  BOARD  FOR  RESPIRATORY  CARE 

1990  Examination  and  Fee  Schedule 

CRTT  Examination 

Fee  Schedule 

EXAMINATION  DATE:                               JULY  21, 

1990 

Entry  Level  CRTT— new  applicant: 

$  75.00 

Applications  Accepted  Beginning:                    March  1, 

1990 

Entry  Level  CRTT— reapplicant: 

$  50.00 

Application  Deadline:                                          May  1, 

EXAMINATION  DATE:                  NOVEMBER  10, 
Applications  Accepted  Beginning:                        July  1, 
Application  Deadline:                                 September  I, 

1990 

1990 
1990 
1990 

Combined  RRT  Written 

and  Clinical  Simulation: 
Written  Registry  Only— new  applicant: 
Written  Registry  Only— reapplicant: 
Clinical  Simulation  Only- 

$175.00 
$  75.00 
$  50.00 

RRT  Examination 

new  or  reapplicant: 

$100.00 

EXAMINATION  DATE:                               JUNE  2, 
Applications  Accepted  Beginning:               December  1 

1990 

1989 

Entry  Level  CPFT— new  applicant: 
Entry  Level  CPFT— reapplicant: 

$100.00 
$  80.00 

Application  Deadline:                                   February  1. 

1990 

EXAMINATION  DATE:                    DECEMBER  1, 

Applications  Accepted  Beginning:                       June  1 

1990 

1990 

Advanced  RPFT — new  applicant: 
Advanced  RPFT — reapplicant: 

$150.00 
$130.00 

Application  Deadline:                                      August  1 

1990 

CRTT  Recredentialing: 
RRT  Recredentialing: 

$  25.00 

CPFT  Examination 

EXAMINATION  DATE:                                JUNE  2 
Applications  Accepted  Beginning:               December  1 
Application  Deadline:                                         April  I 

1990 
1989 
1990 

Written  Registry  Examination 
Clinical  Simulation  Examination 

CPFT  Recredentialing: 

RPFT  Recredentialing: 

Membership  Renewal 

$  25.00 
$  65.00 
$  25.00 
$  90.00 

RPFT  Examination 

CRTT/RRT/CPFT/RPFT 

$  12.00 

EXAMINATION  DATE:                     DECEMBER  1 

1990 

Membership  Renewal 

Applications  Accepted  Beginning:                        July  1 
Application  Deadline:                               September  1 

1990 
1990 

Combination  of  CRTT/RRT 
and  CPFT/RPFT 

$  18.00 

8310  Nieman  Road 

•  Lenexa, 

Kansas  66215  •  (913)  599-4200 

RESPIRATORY  CARE  •  JUNE  '90  Vol  35  No  6 


603 


Medical  Device '  ,^.. 
&.LAboratory  ^wl 

Product  RrxMem  ^^Ti 
Reporting  Prosram 
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Form  Approved:  OMB  No.  0910-0143 


DATE  RECEIVED 


ACCESS  NO 


1.     PRODUCT  IDENTIFICATION: 

Name  of  Product  and  Type  of  Device 

(Include  sizes  or  other  identifying  characteristics  and  attach  lat>ellng,  If  available) 


Manufacturer's  Name . 


Manufacturer's  City,  State,  Zip  Code. 


Is  this  a  disposable  Item?        YES 


D    NoD 


Lot  Number(s)  and  Expiration  Date(s)  (If  applicable) 


Serial  Number(s) 


Manufacturer's  Product  Number  and/or  Model  Number 


2.  REPORTER  INFORMATION: 
Your  Name 


Today's  Date. 


Title  and  Department . 

Facility's  Name 

Street  Address 

City 


State . 


Zip. 


Phone (        ) 


Ext: 


3.     PROBLEM  INFORMATION: 
Date  event  occurred 


Please  Indicate  how  you  want  your  Identity  publicly  disclosed: 

No  public  disclosure    I I 


To  the  manufacturer/distributor 

To  the  manufacturer/distributor  and  to  anyone  who  requests  a 
copy  of  the  report  from  the  FDA 


D 
D 


This  event  has  been  reported  to:    Manufacturer  I I     FDA  I I 

Other 


If  requested,  will  the  actual  product  in- 
volved in  the  event  be  available  for  eval- 
uation by  the  manufacturer  or  FDA? 


YES 


D  NoD 


Problem  noted  or  tuapected  (Describe  the  event  in  as  much  detail  as  necessary.   Attach  additional  pages  If  required.   Include  how  and  where 
the  product  was  used.    Include  other  equipment  or  products  that  were  involved.    SIcetches  may  be  helpful  in  describing  problem  areas.) 


RETURN  TO 
United  States  Pharmacopeia 
12601  Twlnbrool<  Pari^way 
Rockville,  Maryland        20852 
Attention:    Dr.  Joseph  G.  Valentino 


OR 


CALL  TOLL  FREE  ANYTIME 

800-638-6725* 

IN  THE  CONTINENTAL  UNITED  STATES 

*ln  Maryland,  call  collect  (301)  881-0256 
between  9:00  AM  and  4:30  PM 


RE/PIRATORy  C4RE 


Instructions  for  Authors  and  Typists 


These  Instructions  are  meant  to  guide  authors  and  typists,  including 
veterans  in  those  roles,  in  the  production  of  quality  manuscripts.  Perfection 
is  not  expected,  but  the  well-prepared  manuscript  has  the  best  chance 
for  prompt  review  and  early  publication. 

General  Requirements 

Submissions  should  (1)  be  related  to  respiratory  care.  (2)  be  planned 
for  one  of  the  publication  categories  below,  and  (3)  be  prepared  as 
indicated  in  these  Instructions.  A  letter  accompanying  the  manuscript 
must  specify  the  intended  publication  category,  be  signed  by  all  the  authors, 
and.  when  there  are  two  or  more  authors,  state  that  "Wc.  the  undersigned. 
have  all  participated  in  the  work  reported,  read  the  accompanying 
manuscript,  and  approved  its  submission  for  publication." 

Publication  Categories 

Research  Article  (Study):  A  report  of  an  original  investigation. 

Evaluation    of   a    Device/Method/Technique:    A    description    and 

evaluation  of  an  old  or  new  device,  method,  technique,  or  modification. 

Case  Report:   A  report  of  a  clinical  case  that  is  uncommon  or  of 

exceptional  teaching  value.  The  author(s)  must  have  been  associated 

with  the  case.  A  case-managing  physician  must  be  one  of  the  authors 

or.  if  not  an  author,  must  supply  a  letter  approving  the  manuscript. 

Case  Series:  Like  a  Case  Report  but  including  a  number  of  cases. 

Review  Article:  A  comprehensive,  critical  review  of  the  literature  and 

state  of  the  art  of  a  pertinent  topic  that  has  been  the  subject  of  40 

or  more  published  research  papers 

Overview:  A  critical  review  of  a  pertinent  topic  about  which  not  enough 

research  has  been  published  to  merit  a  Review  Article. 

Update:  A  report  of  subsequent  developments  in  a  topic  that  has  been 

critically  reviewed  (not  necessarily  in  this  journal). 

Point  of  View:  A  paper  expressing  the  author's  personal  opinions  on 

a  pertinent  topic. 

Special  Article:  If  a  paper  does  not  fit  one  of  the  foregoing  categories 

but  is  pertinent,  the  editors  may  consider  it  as  a  Special  Article. 

Editorial:  A  paper  that  draws  attention  to  a  pertinent  concern. 

Letter:  A  signed  communication  about  material  published  in  this  journal 

or  on  topics  of  interest  or  value  to  readers. 

Blood  Gas  Comer:  A  brief,  instructive  case  report  (real  or  fictional) 

involving  invasively  or  noninvasively  obtained  respiratory  care  blood 

data,  followed  by  questions  for  readers — with  answers  and  discussion. 

PFT  Comer:  Like  Blood  Gas  Corner  but  involving  pulmonary  function 

testing. 

Test  Your  Radiologic  Skill:  Like  Blood  Gas  Comer  and  PFT  Comer 

but  involving  pulmonary-medicine  radiography  and  including  one  or 

two  4  X  5  or  5  '  7  inch  prints  of  radiographs.  The  case  must  be  real. 

Review  of  Book,  Film,  Tape,  or  Software:  Anyone  interested  in  writing 

a  review  can  discuss  it  with  an  editor 

Editorial  Consultation  and 
Author's  &  Typist's  Kit 

To  discuss  a  writing  project,  write  to  Respiratory  Carf.  1 1030  Abies 
Une.  Dalla-s  TX  75229  or  call  214/243-2272. 

Authors  are  urged  to  obtain  the  Rt-SPIRATORV  Care  Author's  &  Typist's 
Kit.  The  Kit  provides  authors  with  specific  guidance  about  writing  a 
research  paper,  writing  a  case  report,  convening  to  and  from  SI  units, 


and  in-house  manuscript  review.  Typists  can  use  the  Kit's  Model 
Manuscript,  a  list  of  journal  name  abbreviations,  and  a  copy  of  these 
Instructions.  The  Kit  is  free  from  the  Journal  office. 

Preparing  the  Manuscript 
General  Concerns —  Typist 

•  Double-space  ALL  lines,  including  those  in  references,  figure  legends, 
and  tables.  Do  not  justify  right  margins. 

•  Number  pages  in  upper  right  corner  and  leave  margins  of  \'/i"  or 
more  on  all  four  sides  of  the  page. 

•  For  research  articles,  follow  format  of  Model  Manuscript,  Respir  Care 
l984;29:l82(Feb  1984). 

•  Meticulously  follow  instructions  for  typing  references. 

General  Concems — Author: 

•  Structure  manuscript  as  specified  hereafter. 

•  Provide  all  requested  information  on  title  page  as  specified  hereafter. 

•  Proofread  manuscript  for  completeness,  clarity,  grammar,  spelling; 
be  sure  all  references,  figures,  and  tables  are  cited  in  the  text. 

•  Consider  having  paper  reviewed  in-house  before  submission. 

•  Have  all  co-authors  proofread  and  approve  manuscript  and  sign 
submission  letter. 

Manuscript  Stracture 

Most  kinds  of  papers  have  standard  parts  in  a  standard  order.  However, 
papers  can  vary  individually,  and  not  every  paper  will  have  all  the  parts 
listed  here. 

Research  Article:  Title  page,  abstract  page,  continuous  text  (Introduction, 
Materials  &  Methods.  Results,  Discussion),  Product  Sources  page. 
Acknowledgments  page,  references,  tables,  figure  legends.  Please  consult 
"Writing  a  Research  Paper."  Respir  Care  I985;30:1057  (Dec  1985) 
and  Model  Manuscript.  Respir  Care  I984;29:182  (Feb  1984). 
Evaluation  of  Device/Method/Technique:  Title  page,  abstract  page, 
continuous  text  (Introduction.  Description  of  Device/ Method.'Technique. 
Methods  of  Evaluation.  Results  of  Evaluation.  Discassion).  Product 
Sources  page.  Acknowledgments  page,  references,  tables,  figure  legends. 
Case  Report  or  Case  Series:  Title  page,  abstract  page,  continuous  text 
(Introduction,  Case  Summary,  Discussion).  Acknowledgments  page, 
references,  tables,  figure  legends.  Also  see  "How  To  Write  a  Better  Case 
Report,"  Respir  Care  1982:27:29  (Jan  1982). 

Review  Article:  Title  page.  Table  of  Contents  page,  continuous  text 
(Introduction.  History.  Review  of  Literature.  State  of  the  Art.  Discussion. 
Summary),  references.  May  include  figures  &  tables.  No  abstract.  Table 
of  Contents  optional.  Other  formats  may  be  appropriate. 
Overview,  Update,  Point  of  View,  or  Special  Article:  Title  page,  text 
(introduction,  message),  references,  tables,  figure  legends.  No  abstract. 
Letter:  Title  page  (provide  a  title),  text,  writer's  name  &  affiliation, 
references.  Tables  &  figures  may  be  included.  Double-space  everything. 
Write  "For  Publication"  on  title  page. 

Stmcture:  Important  Details 

Title  Page:  List  title  of  paper,  all  authors'  full  names,  degrees,  credential 
letters,  professional  positions,  and  affiliations.  List  correspondence  address, 
telephone  number,  and  reprint  address  if  desired.  Name  sources  of  grants 
or  other  support  Identify  any  author's  consulting  or  commercial 
relationships  that  pertain  to  the  paper's  topic. 
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INSTRUCTIONS  FOR  AUTHORS  &  TYPISTS 


Abstract  Page:  Number  this  Page  1.  List  paper's  title  but  omit  authors' 
names.  Abstract  should  be  200  words  or  less  and  must  be  mformative. 
briefly  specifying  main  points  of  paper,  such  as  methods,  results,  and 
conclusions  drawn. 

Statistical  Analysis:  In  research  articles,  identify  statistical  tests  and  chosen 
level  of  significance  in  the  Methods  section.  In  Results  section,  report 
actual  P  values. 

Figures  (illustrations):  All  photographs,  diagrams,  &  graphs  must  be 
numbered  as  Figure  1,  Figure  2,  etc,  according  to  the  order  in  which 
each  is  first  mentioned  in  the  text.  Photographs  must  be  glossy  prints 
5  X  7  to  8  X  10  inches  and  should  be  black  &  white  unless  color 
is  essential.  Letters  and  numerals  must  be  neat  and  large  enough  to 
remain  legible  if  figure  is  reduced  in  size  for  publication.  Final  figures 
must  be  of  professional  quality,  but  'rough'  sketches  may  accompany 
the  submitted  manuscript,  with  final  figures  to  be  prepared  after  review. 
Identify  each  figure  on  back  with  a  stick-on  label  showing  figure  number 
and  arrow  indicating  top;  omit  author's  name.  Cover  label  with  clear 
tape  so  ink  will  not  smudge  other  prints.  Supply  three  sets  of  unmounted 
figures.  If  figure  has  been  published  before,  include  copyright-holder's 
written  permission  to  use  it. 

Figure  Legends:  List  figure  legends  on  a  separate  page,  not  on  figures. 
If  a  figure  has  been  published  before,  list  the  source  in  the  legend. 
Tables:  Type  each  table  on  a  separate  page  Avoid  more  than  8  columns 
across.  Continue  a  deep  table  on  following  pages.  Give  each  table  a 
number  and  descriptive  title,  placed  above  the  table.  Double-space  ALL 
lines  in  tables,  including  column  headings  and  footnotes. 
Drugs:  Brand  names  may  be  given,  but  always  also  show  generic  names. 
Units  of  Measurement:  In  addition  to  conventional  units  of  measure, 
show  SI  values  and  units  in  brackets  after  conventional  expressions:  ie, 
"PEEP,  1 0  cm  H:0  [0.98 1  kPa]."  For  conversion  to  SI,  see  Respiratory 
Care  1988;33:861-873  (Oct  1988). 

Commercial  Products:  If  three  or  fewer  commercial  products  are  named 
in  the  text,  list  the  manufacturer's  name  and  location  in  parentheses 
the  first  time  each  is  mentioned.  If  four  or  more  products  are  named, 
do  not  list  manufacturers  in  the  text;  instead,  name  the  products  and 
manufacturers  in  a  Products  Sources  list  at  the  end  of  the  text.  Provide 
model  numbers  when  available. 

Abbreviations:  Use  an  abbreviation  only  if  the  term  occurs  several  times 
in  the  paper.  Write  out  the  full  term  the  first  time  it  appears,  followed 
by  the  abbreviation  in  parentheses.  Thereafter,  employ  the  abbreviation 
alone.  Never  use  an  abbreviation  without  defining  it.  Do  not  create 
new  abbreviations  unless  absolutely  necessary. 

References: 

•  Use  references  to  support  statements  of  fact,  indicate  sources  of 
information,  or  guide  readers  to  further  pertinent  literature. 

•  Cite  only  published  works — or  works  accepted  for  publication.  When 
listing  an  accepted  but  still  unpublished  work,  designate  the  accepting 
journal's  name,  followed  by  "(in  press)." 

•  In  the  text,  cite  references  by  superscript  numerals  (half  space  above 
text),  not  in  parentheses.  The  first  reference  cited  in  the  text  is  number 
I,  the  next  is  number  2,  etc. 

•  In  the  reference  list,  place  the  cited  works  in  numerical  order. 

•  For  the  reference  list,  obtain  author  names,  article  and  book  titles, 
dates,  volume  and  page  numbers  from  the  original  cited  articles  and 
books,  not  from  secondary  sources  such  as  other  articles'  reference  lists, 
which  often  are  inaccurate. 

•  Type  references  in  medical-journal  style.  Examples  appear  at  the  end 
of  these  Instructions.  Abbreviate  journal  names  as  in  Index  Medicus. 
A  list  of  many  journal-name  abbreviations  was  published  in  Respir  Care 
I988;33:1050(Nov  1988). 

•  DOUBLE-SPACE  the  lines  of  references. 

•  List  ALL  authors'  names.  Do  not  use  "et  al"  to  substitute  for  names. 

•  Identify  abstracts,  edftorials,  and  letters  as  such.  See  examples. 

Personal  Communications,  Unpublished  Papers,  and  Unpublished 
Observations:  List  unpublished  items  in  parentheses  in  the  text,  not 
in  the  reference  list. 


Examples  of  How  To  Type  References 

Notes:  Although  the  examples  here  are  printed  with  single-spaced  lines, 
please  double-space  references  in  manuscripts.  Also,  note  that  words 
in  article  and  book  titles  are  not  capitalized — except  proper  names. 

Standard  Journal  Article: 

1.  Shepherd  KE,  Johnson  DC.  Bronchodilator  testing:  An  analysis  of 
paradoxical  responses  Respir  Care  1988;33:667-671. 

Corporate  Author  Journal  Article: 

2.  American  Association  for  Respiratory  Care.  Criteria  for  establishing 
units  for  chronic  ventilator-dependent  patients  in  hospitals.  Respir 
Care  1988;33:1044-1046. 

Article  in  Journal  Supplement: 

(Journals   differ    in    their    methods   of   numbering   and    identifying 

supplements.  Supply  sufficient  information  to  allow  retrieval.) 

3.  Reynolds  HY.  Idiopathic  interstitial  pulmonary  fibrosis.  Chest 
1986;89(3,  suppl  ):l39s-I43s. 

Abstract  in  Journal: 

(Abstracts  are  not  strong  references;  when  possible,  full  papers  should 

be  cited.  When  cited,  abstracts  should  be  identified  as  such.) 

4.  Lippard  DL,  Myers  TF,  Kahn  SE.  Accuracy  of  pulse  oximetry  in 
severely  hypoxic  infants  (abstract).  Respir  Care  I988;33;886. 

Editorial  in  Journal: 

5.  Rochester  DF.  Does  respiratory  muscle  rest  relieve  fatigue  or  incipent 
fatigue?  (editorial).  Am  Rev  Respir  Dis  1988;138:516-517. 

Letter  in  Journal: 

6.  Smith  DE,  Herd  D,  Gazzard  BG.  Reversible  bronchoconstriction 
with  nebulised  pentamidine  (letter).  Lancet  1988:2:905. 

Personal  Author  Book: 

7.  Nunn  JF.  Applied  respiratory  physiology.  New  York:  Appleton- 
Century-Crofts,  1969. 

Nole:  To  specify  pages  cited  in  a  book,  place  a  colon  after  the  year 
and  then  list  the  page(s).  Examples:   1969:85  (one  page),   1963:85-95 
(series  of  contiguous  pages),  1 963:85,95  (separated  pages). 
Corporate  Author  Book: 

8.  American  Medical  Association  Department  of  Drugs.  AMA  drug 
evaluations.  3rd  ed  Littleton  CO:  Publishing  Sciences  Group,  1977. 

Book  with  Editor,  Compiler,  or  Chairman  as  'Author': 
9    Gucntcr  CA,  Welch  MH,  eds.  Pulmonary  medicine.  Philadelphia: 

JB  Lippincott.  1977. 
Chapter  in  Book: 
10.  Pierce  AK.  Acute  respiratory  failure.  In:  Guenler  CA,  Welch  MH, 

eds.  Pulmonary  medicine.  Philadelphia:  JB  Lippincott.   1977:171- 

223. 

Submitting  the  Manuscript 

After  preparing  the  manuscript  according  to  these  Instructions,  perform 
a  final  proofreading  and  check  for  accuracy  and  completeness.  Then 
mail  three  copies  of  the  manuscript  and  three  sets  of  figures  to 
Respiratory  Care,  1 1030  Abies  Une,  Dallas  TX  75229  (or  Federal 
Express  to  Respiratory  Care,  11030  Abies  Lane,  Dallas  TX  75229). 
Manuscript  copy  on  IBM-compatible  or  Macintosh  disks  in  addition 
to  the  requisite  three  hard  copies  will  facilitate  processing  (Macintosh 
preferred).  Enclose  a  letter  as  specified  under  General  Requirements 
at  the  beginning  of  these  Instructions.  Do  not  submit  material  that  has 
been  published  or  is  being  considered  elsewhere. 


Author's  Checklist 


1 .  Is  paper  for  a  listed  publication  category? 

2.  Does  cover  letter  meet  specifications? 

3.  Is  title  page  complete? 

4.  Are  all  pages  double-spaced  and  numbered? 

5.  Are  all  references,  figures,  and  tables  cited  in  the  text? 

6.  Arc  references  typed  in  requested  style? 

7.  Have  SI  values  been  provided? 

8.  Has  all  arithmetic  been  checked? 

9.  Has  manuscript  been  proofread  by  all  authors? 
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News  releases  about  new  products  and  services  will  be  considered  for  publication  in  this 
section  There  is  no  charge  for  these  listings.  Send  descriptive  release  and  glo\sy  black  and 
white  photographs  to  Rfspirahjrv  Cari-  Journal,  New  ProducLs  and  Services  Dept,  11030 
Abies  Une,  Dallas  TX  75229. 


New  Products 
8c  Services 
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INFANT  NASAL  CPAP  SET.  The 

INCA  nasal  CPAP  set  includes  a  nasal 
cannula,  STAY-flex  tubing,  a  knit 
cap,  two  yokes,  an  in-line  pressure 
T-adapter,  and  a  straight  adapter. 
According  to  the  manufacturer,  the 
STAY-flex  tubing  design  allows  you  to 
bend,  expand,  and  shape  tubing  to  a 
fixed  position  that  minimizes  dis- 
lodging of  the  cannula  and  offers 
maximum  patient  comfort.  The  knitted 
cap  with  attached  band  and  'hook  and 
Icxjp' -backed  yokes  is  designed  to  allow 
patient  positioning  with  minimum 
pressure  on  the  nasal  septum.  Ackrad 
Laboratories,  Dept  RC,  70  Jackson 
Drive,  PO  Box  1085,  Cranford  NJ 
07016.(201)276-1895. 


color  catalog  features  128  pages  of 
product  descriptions.  Medical  teaching 
and  training  aids,  anatomical  models, 
emergency  medical  equipment,  suction 
units,  bag-mask  resuscitators,  laryngo- 
scopes, NuTrake  collars,  backboards, 
Schrader  medical  gas  connections,  and 
Wright  peak  flowmeters  are  just  a  few 
of  the  1200  items  Armstrong  has 
available.  Armstrong  Medical  Indus- 
tries Inc,  Dept  RC,  PO  Box  700, 
Lincolnshire  IL  60069-0700.  (800) 
323-4220,  in  Illinois  call  (708)  913- 
0101. 
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VENTILATOR-MONITOR  INTER- 
FACE. Puritan-Bennett  7200a  venti- 
lators, equipped  with  the  'digital 
communications  interface'  option  and 
the  latest  software,  can  now  communi- 
cate via  the  new  Flexport  Interface 
(Model  90436-01)  with  SpaceLabs' 
PCMS  monitors.  According  to  the 
manufacturers,  ventilator  data  can  be 
displayed  and  stored  along  with  vital 
signs,  oximetry,  capnometry,  and  other 
pertinent  variables  on  bedside  and/or 
remote  monitors  (with  remote  alarms); 
system  capabilities  include  charting, 
trending,  and  calculation  of  key 
respiratory  variables.  For  information 
about  the  7200a  ventilator,  contact 
Puritan-Bennett,   Dept  RC,  PO  Box 


25905,  Overland  Park  KS  66225. 
(800)  255-6773.  For  information 
about  the  Rexport  and  PCMS  system, 
contact  Spacelabs  Inc,  Dept  RC,  PO 
Box  97013,  Redmond  WA  98073- 
9713.(800)251-9910. 


AER080L  TREATMENT  CHAMMK. 

According  to  the  manufacturer,  the 
new  7-AT  treatment  chamber  protects 
hospital  personnel  from  the  hazards 
associated  with  the  administration  of 
aerosolized  pentamidine  and  sputum 
induction  procedures.  The  7-AT 
chamber  is  designed  to  capture 
airborne  particles  down  to  0.3  microns 
in  size  and  to  prevent  them  from 
escaping  into  the  general  treatment 
environment  at  a  fraction  of  the  cost 
of  large  ventilation  system  installations 
in  existing  rooms.  JH  Emerson 
Company,  Dept  RC.  22  Cottage  Park 
Ave,  Cambridge  MA  02140.  (800) 
252-1414,  in  Massachussetts  call  (617) 
864-1414. 
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Tenew MiniCAP'"  100 CO2  Monitor 
eliminates  the  two  biggest  problems  in 
modern  capnometry — calibration  drift 
and  fluid  contamination. 


End  calibration  and 
fluid  handling  worries, 


Calibration  accuracy  is  guaranteed  with  a 
two-year  calibration  warranty.  Such 
enduring  accuracy  results  from  a  high 
stability  sensor  design  and  a  patented 
drift  correction  technique.  The  sensor's 
performance  is  monitored 
and,  if  needed,  compensated 
for  automatically,  without 
instrument  downtime  or  cali- 
bration gas. 

The  MiniCAP  100  CO2  Monitor's 
fluid  handling  is  superior,  too. 
It  features  a  minimal  dead  space 
fluid  reservoir  and  fiber  optics 
sensing  that  purges  fluids 
into  the  reservoir,  then 
alarms  when  full. 

The  optional  MiniCAP  Graphic 
Display  Unit  provides  waveforms,  24-hour 
trend  information,  and  digital  display  of 
CO2,  respiration  rate,  and  mean  N2O. 
The  unit  interfaces  easily  with  an  Epson* 
FX  graphics  compatible  printer  for  hard 
copy  of  waveforms. 

For  complete  details  on  the  COj  monitor 
you  can  use  with  confidence,  call 
1-800-672-4678,  Ext  8826. 


CATALYST 
RESEARCH 


3706  Crondall  Lane 

Owings  Mills.  MD  21117  USA 

301  356-2400 

FAX:  301  581-0346 


Circle  90  on  reader  service  card 


Epson  is  a  registered  trademark  of  Seiko  Epson  Corporation 
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Ouperset's  unique  design  permits  adjustments  in  both  length  and 
curvature.  Its  swivel  elbow  reacts  to  your  patient's  movement,  repositioning 
the  ventilator  circuit  without  the  need  for  disconnection.  The  optional 
SEALAROUND  port  also  permits  suctioning  or  bronchoscopy  without  the 
need  to  disconnect  your  patient  from  the  ventilator 

For  more  information  or  the  name  of  the  DHD  dealer  in  your  area, 
contact  DHD  Customer  Service  toll-free  at:  (800)  847-8000. 
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DIEMOLDING  HEALTHCARE  DIVISION 

Canastota,  NY  13032  USA 

(800)  847-8000     FAX  (315)  697-8083 

(315)  697-2221 


©1990,  Diemolding  Corp.  All  RightSiReserved. 
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